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Summary. 
The suspension polymerisation of vinyl chloride is the main industrial process used for the 
manufacture of PVC. The aim of this project was to study the suspension polymerisation of 
vinyl chloride monomer to form PVC. The work concentrated on the effects that the choice 
of suspension stabilisers (PVA's), pH and other environmental factors had on the properties of 
both the initial droplet suspension and the polymerising system throughout the course of the 
reaction. 
Experiments were carried out using a pressurised 11 stainless steel jacketed reactor connected 
to an external optical cell. Progress of the polymerisation was monitored optically by taking 
samples into the cell at regular intervals and examining them with a microscope which had an 
attached camera. 
Properties that were studied included the drop size and drop size distribution of the initial 
droplet suspension, the stabiliser take-up during the reaction and the particle size distribution, 
porosity and physical appearance of the polymer particles. The work showed that the choice 
of suspension stabiliser not only effected the drop size and drop size distribution of the initial 
suspension but also effected the properties and particle size of the final polymer product which 
was produced. 
The pH of the system was also discovered to effect both drop stability and the course of the 
polymerisation. Lowering the pH (<pH 4) by the addition of acid had little effect but 
increasing the pH (>pH 10) had a drastic effect. At high pH, the droplet suspension that was 
formed was highly unstable and the polymer product that was formed consisted of very large, 
coarse grains. 
Other environmental factors (reactor heat up rate, oxygen concentration, the location of 
secondary PVA (aqueous or organic phase), delaying the addition of the primary PVA and 
simultaneous charging of both phases to the reactor) were also discovered to effect the 
properties of both the droplet suspension and the polymer product although the suspension 
was found to be more resilient to changes in the operating conditions than the polymer. 
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Chapter 1. 
Introduction and Objectives. 
1.1 GENERAL BACKGROUND 
Poly(vinyl chloride), commonly known as PVC, is one of the mass produced plastics of the 
present day. Its popularity is such because of the low cost of production and versatility of use. 
Its popularity is also due to it chemical inertness and the fact that it has the capability to 
incorporate a wide range of plasticisers into its structure giving a wide range of properties for 
different applications as diverse as building, paints, packaging, and insulation. For these 
reasons there has already been a great amount of work looking at various aspects of the 
manufacture of PVC and how they affect the properties of the final product. 
PVC is produced by the free radical addition polymerisation of vinyl chloride monomer 
(VCM). The polymerisation of VCM follows the same general reaction scheme as that obeyed 
by other monosubstitiuted ethylenes. The vinyl chloride molecule possesses a double bond 
which is split during the process and joins with similar molecules. 
CH2 = CH(Cl) ) -(CHs - CH(Cl))n - 
An important feature of vinyl chloride polymerisation is that the PVC is virtually insoluble in 
VCM (the equilibrium solubility of PVC being approximately 0.1% wt. ) (Sidiropoulou, E. and 
Kiparissides, C. (1990)). Thus once a polymer chain is formed (about 10-20 monomer units 
long) it immediately precipitates so vinyl chloride polymerisation is classified as a multiphase 
process. 
The theoretical aspects of the process including the mechanism and kinetics of the reaction are 
discussed in detail in Chapter 2. 
1.2 HISTORY 
Torhell, B. (1988) presented a good summary of the early history of PVC production. The 
preparation of vinyl chloride monomer was first reported by Regnault, H. V. (1835) while he 
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was working in Justin Von Leibig's laboratory in Germany. It was prepared by the reaction 
between ethylene dichloride and alcoholic potassium hydroxide. Polymerisation of the 
monomer to form poly(vinyl chloride) (PVC) was first reported by Baumann, E. (1872) while 
he was studying the effect of ultraviolet light initiated polymerisation on various vinyl 
compounds. He reported that a white material was produced which had the elemental formula 
C2H3C1 and a density of 1.406g/cm3. The polymeric nature and the commercial importance 
of the material was not recognised until the early 1900's due to thermal instability making 
processing difficult. In 1912 the preparation of VCM from acetylene and HCl was described 
in a patent by Klatte, F. (1912) of the German company Griesheim-Elektron who succeeded in 
overcoming the problems by developing a stabiliser (Kaufman, M. (1969)). The first 
application of PVC was described in a patent for producing fibres, films and lacquers (Klatte, 
F. (1913)). More significantly in 1914 the same company patented the use of organic 
peroxides to accelerate the polymerisation reaction and thus announced the first use of free 
radical initiators (Klatte, F. (1914)). The technique of copolymerisation and the use of other 
peroxides as initiators were introduced subsequently in a patent to Chem. Fabrik Griesheim- 
Elektron (1915). Greisheim's objective in patenting the manufacture of PVC was to find a 
replacement for the very flammable celluloid but they were unable to capitalise on their 
discoveries and their patents were allowed to lapse in 1926 thus opening up the field to other 
workers. Commercial production of PVC was first started in the early 1930's using 
technology first described in a patent by Fikentscher, H. (1931) in Germany and production in 
the USA started soon afterwards in 1933. Wide areas of non-rigid applications were opened 
up through the discoveries of plasticization and heat stabilisation (Semon, W. L. (1933), 
Susich, G. and Kentscher, H. F. (1938)) During World War II the PVC industry was geared to 
the needs of the military and with natural rubber being in short supply PVC was used in wire 
and cable insulation where it is superior to rubber in many ways. The growth of PVC 
products has continued to the present day. 
1.3 PRODUCTION 
This section gives a very brief overview of the production process for manufacturing PVC. 
The polymerisation process and the different methods available will be discussed in detail in 
Chapter 3. 
1.3.1 CHOICE OF METHOD 
Commercial manufacture of PVC is carried out by one of three possible methods. These are 
bulk, suspension and emulsion polymerisation. The original technique for the production of 
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PVC used the emulsion technique but this has been superseded by the suspension method 
which now accounts for about 80% of the worlds production. 
Suspension polymerisation has several advantages over the other processes. These are 
(Grulke, E. A. (1989)): - 
" Low cost of conversion with flexibility to vary the particle properties. 
" Excellent heat transfer characteristics. 
" Good particle size control. 
" Low levels of additives present in the final polymer product. 
1.3.2 COMMERCIAL DEVELOPMENT OF SUSPENSION 
POLYMERISATION 
The concept of polymerising fine monomer droplets in an aqueous suspension seems to have 
been developed in about 1910 (Hofman, F. and Delbruck, K. (1912), Gotlob, K. (1913)). This 
approach was motivated by the observation that natural rubbers occur in the form of lattices 
from polymerisations in plants which occur under relatively mild conditions in an aqueous 
phase. The protective colloids mentioned in the early patents were used as suspension 
stabilisers and the reaction was catalysed by small amounts of oxygen (Hohenstein, W. P. and 
Mark, H. F. (1946)). 
The importance of agitation was identified in a early patent by Bauer, W. and Lauth, H. 
(1938). 
The first resin to be produced on a commercial scale was poly(vinyl chloroacetate) (Voss, A. 
et. al. (1938)). One major technical accomplishment was the control of coalescence which led 
to a successful process. Coalescence causes the formation of a large unworkable polymer 
mass that cannot be cooled adequately to remove the heat of polymerisation (54-96 id/Mol. ). 
This problem was overcome by the use of various water-soluble high molecular weight 
polymers called protective colloids (Crawford, J. W. C. and McGarth, J. (1938)). Talc, barium 
sulfate, magnesium hydroxide and other materials for maintaining the suspension were 
discovered later (Rhom, 0. and Trommsdorff, E. (1943)). 
The suspension polymerisation process has developed rapidly since its discovery. This process 
forms the basis for producing many commercially important polymers including PVC. 
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1.3.3 PROCESS DESCRIPTION 
Extensive reviews of the suspension polymerisation of VCM to form PVC can be found in 
Othmer, K. (1983), Kroschwitz, J. I. (1989a), Kroschwitz, J. I. (1989b) and Kroschwitz, J. I. 
(1989c). 
The process of suspension polymerisation can be typified by a particular morphological profile. 
The vinyl chloride monomer (dispersed phase) is suspended as liquid drops in a (continuous) 
aqueous phase by means of strong mechanical agitation. Suspending agents are added to the 
aqueous phase to aid in the dispersion of the VCM. The method of and order of addition of 
the components, the amount of premixing and the concentration of suspending agents and 
initiators all have a great influence on the properties of the final product. 
The most commonly used suspending agents for VCM suspension polymerisation are cellulose 
ether derivatives and partially hydrolysed poly(vinyl acetates) with the latter now superseding 
the former. The adsorption of such molecules at the water-monomer interface acts to reduce 
the interfacial tension and thus reduce the energy required to form the drops. The fate of these 
drops depends largely on the ability of the thin colloidal film formed at the VCM/water 
interface to give the drops better elastic properties. The effectiveness of the suspending agents 
in increasing the elastic properties increases with increasing concentration until a "critical 
surface coverage" is achieved. After this point further concentration increase of the colloid 
has little effect on drop stability. 
By controlling the size and size distribution of the droplet suspension it is possible to control 
the size and size distribution of the final polymer particles as the drop size distribution is 
maintained throughout the reaction. 
Liquid VCM can be polymerised using a suitable monomer soluble free radical initiator. The 
polymer, insoluble in its own monomer, precipitates inside the droplet at very low conversion 
(when the polymer molecule is 10-20 monomer units long) to form primary particles by the 
agglomeration of very small particles which are sometimes referred to as "basic" particles, 
these are thought to be formed by the coagulation of a few polymer molecules. Because of the 
low solubility of both the monomer and polymer in the continuous phase the polymerisation 
occurs almost exclusively in the dispersed phase and the vinyl chloride droplet can be viewed 
as a mini bulk reactor. 
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In summary a typical suspension polymerisation process involves the following stages: - 
" Preparation of suspending agents, buffers and initiators. 
" Formation of the monomer suspension in the continuous aqueous phase. 
" Initiation and polymerisation. 
" Monomer recovery, dewatering and powder storage. 
The practical aspects of the process are discussed in detail in Chapter 3. 
1.4 OBJECTIVES 
The objectives of this present research project were to investigate the possibility of 
understanding some of the parameters which are believed to have the greatest influence on the 
particle size and particle morphology during the suspension polymerisation process. This 
work would carry on from that already performed by Mr M. Zerfa in his doctoral thesis (Zerfa, 
M. (1994)). 
This work has shown that the suspension stabiliser has a major effect on the final product and 
it was proposed to concentrate on the effects of the suspension stabiliser more closely. The 
work was divided into five sections. The first section was a series of mixing experiments using 
a simulated monomer. The second, third and fourth sections concentrated on the 
polymerisation process and the fifth section of the work involved investigating the interfacial 
tension between the continuous and dispersed phase. 
A- Mixing Experiments. 
Al -A series of simulations using toluene instead of vinyl chloride to simulate the dispersed 
phase were performed in order to gain experience of operating the experimental apparatus and 
to study the effect of stabilisers on the droplet suspension. 
A2 - Studying the effect of stabiliser choice and mixing time on the droplet suspension. These 
experiments were performed using vinyl chloride to check the validity of the results from the 
simulations using toluene that were performed in section Al. 
B- Polymerisations using different stabiliser recipes. 
B1- Studying the effect that the choice of stabiliser has on the properties of the droplet 
suspension and polymerising system in terms of the initial drop size and drop size distribution 
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and on the properties of the final product including particle size and particle size distribution, 
particle appearance, porosity and PVA take up. 
B2 - Extending the studies in section B1 to include the effect of time on the polymerising 
system. 
C- Overview Experiments. 
Cl -A series of experiments was performed to give a brief overview of the effects of several 
other properties on the drop suspension and polymer product. The results of these 
experiments were used to plan future work and eliminate some variables from the 
investigations allowing attention to be focused on the most significant variables. The variables 
studied were: - 
" Effects of changing the pH. 
" Effects of adding oxygen to the reactor. 
" The effect of changing the rate of reactor heat up. 
" The order of charging of the reactor. 
" Time and order of addition of the stabilisers. 
D- Studying the effects of pH and time. 
Dl - The study of the effects of polymerisation time and pH on the polymerising system. 
D2 - Studying the effect of the concentration of H+ and OH- ions on the suspension and 
polymerising system as earlier work showed these had a massive effect of the drop size and 
drop size distribution., 
E- Interfacial tension measurements. 
El - The study of the interfacial tension between the continuous and the dispersed phase for 
different PVA recipes. This work was done using methylene chloride to simulate the VCM. 
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2.1 LITERATURE REVIEW INTRODUCTION 
When investigating a polymerisation system it is necessary to consider not only the physical 
and chemical properties of the system during polymerisation but also the properties of the final 
polymer product which is produced. The desired properties will be effected by downstream 
processing and the final intended use of the polymer. The properties which are usually desired 
are small particles of a uniform size. Many different processes produce such particles but it is 
common to use suspending agents to produce a suspension of monomer droplets in water 
which are then polymerised, this process is known as suspension polymerisation. 
The most important issues in a suspension polymerisation process are control of the final 
particle size and morphology. This means that the state of the initial suspension is an 
important factor as this has a major effect on the final particle size. 
This chapter is intended to give a brief literature review of work on liquid-liquid dispersions 
and suspension polymerisation of vinyl chloride from a theoretical viewpoint, the practical 
aspects of the process will be presented in chapter 3. 
2.2 NOMENCLATURE 
The first problem that faces any researchers when they begin their study of PVC is that the 
terminology in the technical literature which is used to describe the morphology of PVC is 
varied and confusing. Since it is obviously important to have a clear and unambiguous system 
this subject will be addressed here to prevent any misunderstandings later on The system 
described was originally proposed by Geil, P. H. (1977a) in an attempt to gain consistency. 
That paper was the result of a meeting held after the 2nd international symposium on PVC 
held in 1976. This system was later extended by Allsopp, M. W. (1981) and then verified by 
Ormondroyd, S. (1988) and has provided a system which has helped clarify a lot of the more 
recent work (See figure 2.1 and table 2.1). 
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Size. Conversion. 
Coiled 
Macro 0% 
Radicals. 
Micro 1OOÄ 
Domains. 
1 
Domains. 0.1-0.2}ßm 1-2% 
Primary 
1 
0.2-0.41im 
Particles 
1 
99 
1-2}ßm 4-10% 
1 
000, m 
p, 
ýg, 9ZH 40-50)Lim 90% 
Figure 2.1 - PVC structure [After Allsopp, M. W. (1981)]. 
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Approximate Size 
Term Range Average Origin or Description 
(µm) (µm) 
Grain 50-250 130 Visible constituent of free flowing powder, 
made up of more than one monomer droplet. 
Sub-Grain 10-150 40 Polymerised monomer droplet. 
Formed during the early stages of 
Agglomerate 1-10 5 polymerisation by coalescence of primary 
particles (1-2 m). 
Grow from domain. Formed at low 
Primary Particles 0.6-0.8 0.8 conversion (less than 2%)by coalescence of 
micro-domain. 
Domain 0.1-0.2 0.2 Primary particle nucleus. Contains about 
1000 micro-domains. Only observed at low 
conversions (less than 2%). Becomes 
primary particle as soon as growth starts. 
Smallest species so far identified. Aggregate 
Micro-Domain 0.01-0.02 0.02 of polymer chains probably about 50 in 
number. 
Table 2.1 - List of PVC nomenclature. 
2.3 PRODUCTION 
The manufacture of PVC by suspension polymerisation involves two separate processes. The 
first is the formation of suspended droplets of the monomer in the bulk phase and the second is 
the actual polymerisation reaction itself. The formation of the suspension will be discussed in 
section 2.4 and the reaction will be discussed in section 2.5. 
2.4 DROPLET FORMATION 
Mixing operations are very common in chemical engineering processes. They are generally 
used to increase the interfacial area between two different phases. When two immiscible 
liquids are mixed a system containing droplets in a continuous phase is produced. 
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In this type of turbulent system simultaneous break-up and coalescence of the drops occurs. 
Protective colloids (often PVA's) are used in an attempt to stabilise the droplets and prevent 
coalescence. These work by decreasing the interfacial tension. 
Knowledge of the drop size and drop size distribution is important as it effects the particle size 
and particle size distribution in a polymerising system. Knowledge of the drop size also helps 
in determining heat and mass transfer coefficients for the system. 
There has already been a great deal of work studying liquid-liquid systems. A detailed 
description of the behaviour of liquid-liquid dispersions has been published by Shinnar, R. 
(1961). He studied the influence of turbulence on both the break up and coalescence of 
individual drops and concluded that statistical theories were of practical 'value in estimating 
drop sizes in agitated dispersions. Coulaloglou, C. A. and Talverides, L. L. (1977) published a 
summary of earlier work in which they proposed some theoretical models and confirmed their 
validity by predicting the experimental results of other investigators. 
Droplet size has been measured as a function of agitator speed (Shinnar, R. (1961), 
Coulaloglou, C. A. and Talverides, L. L. (1977), Brooks, B. W. (1979)), agitator type 
(Skelland, A. H. P. and Kanal, J. S. (1990)), time (Cheung, S. I. (1985)), vessel dimensions and 
other physical parameters. Laso, M. et. al. (1987b) studied break-up and coalescence rates in 
stirred tanks and concluded that they depend on drop volume, the strength of agitation, the 
system hold-up and the physical properties of the system. Laso. M. et. al. (1987b) also 
developed a technique for measuring the size distribution of drops in a suspension. 
The mixing process is very complex and depends on a large number of parameters. Much of 
the work has been done using non coalescing or "clean" systems with a low dispersed to 
continuous phase ratio (Sprow, F. B. (1967a), Molag, M. et al. (1980)) so the models 
developed have only been studied using low dispersed phase ratio systems. In reality (for 
economic reasons) most industrial systems work with a high as possible dispersed to 
continuous phase ratio. 
Borwanker et. al. (1986) tried to simulate the drop dispersion for suspension polymerisation of 
vinyl chloride using a mixture of 1,2 dichloroethane and ethyl benzene using several 
hydroxypropyl methyl cellulose products as suspending agents. They concluded that 
polymeric suspension stabilisers can stabilise the dispersions against coalescence when used in 
sufficient quantities. Nilson et. al. (1985) studied the drop size distribution of vinyl chloride 
drops in water. They observed a large difference in coalescence stability depending on the 
type of stabiliser used. 
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In the case of vinyl chloride dispersions, stabilisation can be aided by the presence of a water 
soluble protective colloid which is adsorbed at the monomer water interface as illustrated in 
figure 2.2. 
ýý 
Emulsification 
Hydrophobic end 
Figure 2.2 - Adsorption of Colloid [After Davidson, J. A. and Gardner, K. L. (1983)]. 
The interface is in the form of a tiny "skin" (Davidson, J. A. and Witenhafer, D. E. (1980)) 
which protects the drops against coalescence. This is the reason that the size of droplets 
depends essentially on the agitation speed and the type and amount of suspending agent used. 
Even during the polymerisation process the latter parameters continue to effect the 
morphology of the particles as is shown in figures 2.3,2.4,2.5 and 2.6 (Davidson, J. A. and 
Gardner, K. L. (1983)). 
Water 
"-phase 
polymer 
e 
0 PVC 
9 
a a 
Figure 2.3 - PVC particle morphology below 1-2% conversion [After Davidson, J. A. and 
Gardner, K. L. (1983)]. 
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vt, 
n..., 
4, 
Figure 2.4 - PVC particle morphology at 1-2% conversion [After Davidson, J. A. and Gardner, 
K. L. (1983)]. 
Quiescent Agitation Violent 
mild (production) 
Figure 2.5 - PVC particle morphology at 2-4% conversion [After Davidson, J. A. and Gardner, 
K. L. (1983)]. 
Quiescent Agitation Violent 
mild [production) 
Figure 2.6 - PVC particle morphology at -10% Conversion [After Davidson, J. A. and 
Gardner, K. L. (1983)]. 
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2.4.1 PHYSICAL PROPERTIES OF A BATCH LIQUID-LIQUID 
DISPERSION 
Among the factors governing the characteristics of a liquid-liquid dispersion are the physical 
properties of the system. The most important ones are density, viscosity and interfacial 
tension as they are used in the determination of dimensionless numbers which define the 
system. These are the Reynolds number and the Weber number. 
When two immiscible liquids are mixed there is the formation of a continuous phase and a 
dispersed phase. On rare occasions a phase inversion may occur and if this is catastrophic a 
very complex system may result. 
The average density of the system is determined using the arithmetic density average which is 
defined as: - 
Pm --: oad-(1-0)Pc 2.1 
Where: - 
pm is the average density of the mixture. 
Pd is the density of the dispersed phase. 
pc is the density of the continuous phase. 
0 the volume fraction of the dispersed phase. 
Vermulen, T. et. al. (1955) obtained the average dispersion viscosity as: - 
µ` 1+ 
1.5J1d 
1+4 (µ. ý+µe) 2.2 
Where: - 
µm is the dispersion viscosity of the mixture. 
tc is the viscosity of the continuous phase. 
µd is the viscosity of the dispersed phase. 
2.4.2 DROP SIZE IN TURBULENT LIQUID-LIQUID 
DISPERSIONS 
The physical and chemical phenomena taking place in an agitated vessel depend upon the size 
of the dispersed drops. The size of the drop is controlled by the breakage and coalescence 
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mechanisms. The droplets are subject to shear stresses, turbulent velocity and pressure 
variations at their interface. These processes cause the drops to become deformed and if the 
deformation is serious enough this may break the drops into smaller ones if the dynamic forces 
which the drop is subjected to exceed the interfacial tension forces. At the same time the 
drops are also colliding with one another and these collisions may result in coalescence if the 
drops remain in contact for long enough for the interfacial film between the drops to rupture. 
Both breakage and coalescence mechanisms occur simultaneously and eventually a dynamic 
equilibrium is reached. 
As the drops in a liquid-liquid dispersion are not of a uniform size investigators usually assume 
there is a maximum drop diameter (dmax) above which stable drops do not exist (breakage 
control) and a minimum drop diameter (dam) below which stable drops do not exist 
(coalescence control). 
2.4.2.1 MAXIMUM STABLE DROP SIZE (dmax) 
Kolmogoroff, A. N. (1949) and Hinze, J. O. (1955) were the first to derive a relationship for 
the maximum drop diameter, dom. Their basic assumption was that in order for a drop to 
become unstable, the kinetic energy of the drop oscillations must be sufficient to provide a 
gain in surface energy necessary for break up. Since the kinetic energy of the drop oscillations 
was proportional to p, u2(d)d3 and the minimum gain in surface energy proportional to ßd2 
then the Weber number We (which is defined as the ratio of the kinetic energy to the surface 
energy) has a critical value Wecrit of: - 
_ 
Cp, u2(d)d2 Weý.; 
ý - ad 2 2.3 
Since turbulent flow is assumed to be locally isotropic and we can assume that d»rl (where ii 
is the Kolmogoroff length (microscale of turbulence)) we have: - 
u2 (r) = CIE 
2/3r2/3 
Using equations 2.3 and 2.4 we have: - 
2.4 
CE 2/3d 5/3) 
Wei, _' 
P` "'a` 1= Constant 
6 2.5 
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As a result we determine dmax (for d»ij) as: - 
3/S 
dmý _ C2 
6 
E-2/5 
P 2.6 
Rushton, J. H. et al. (1950) showed experimentally that for high Reynolds numbers, the energy 
input of mixing by the impeller per unit mass of liquid in the vessel is independent of the liquid 
properties and is a function of the geometrical design of the agitator and its speed. Thus the 
energy dissipation E is: - 
E=CgN3D2 
2.7 
Where C3 is a constant depending on the geometry of the vessel and the agitator. Using 
equations 2.6 and 2.7, Shinnar, R. (1961), derived the following equation for dmax in 
turbulent agitated vessels: - 
3/5 
dmac = C4 N-615D-415 
2.8 
The expression for dmax can be simplified to give: - 
-3/S 
PýNZD3 dmax = C4D 
6= 
C4D(We)-0.6 
2.9 
Therefore: - 
dmax 
= C4(We)-0.6 
DlJ 2.10 
By assuming a linear relationship between dm and the sauter mean diameter d32 (Sprow, 
F. B. (1967a) and Coulaloglou, C. A. and Tavlarides, L. L. (1976)) showed that: - 
d32 = C5dmaz 
Where C5 was found to vary from 0.38 to 0.7. Thus: - 
2.11 
D 
d32 
= C4C5(We) 6 C6(We) 6 
2.12 
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Equation 2.12 has been verified by a large number of liquid-liquid dispersions for non- 
coalescing systems by Yuan, H. G. et. al. (1991). Table 2.2 gives recently reported 
correlations for mean droplet size. The most frequently reported correlation is of the form: - 
D 
32 = C7f($)(We)-o. 6 
2.13 
where 0 is the volume fraction of the dispersed phase. 
As the presence of the dispersed phase may cause a damping of the turbulent fluctuations 
depending on the volume fraction 4, a correlation factor f(ý) expressed empirically by the 
linear relation fM=1+C8 is added to the previous equation. The effect of the volume 
fraction was found to be negligible for 0<0.015 and linear for 0>0.15 (Sprow, F. B. (1967a) 
Mlynek, Y. and Resnick, W. (1972) Coulaloglou, C. A. and Tavlarides, L. L. (1977)). 
When the drop diameter is smaller than i (d<11), drop breakage is due to viscous shear forces. 
According to Taylor, G. I. (1934) the break-up of the drops under these conditions is primarily 
a function of the Weber number. At critical conditions we have: - 
We, 
rit = µ, sr 
6)=f µd 
2.14 
Where µd and µc are the viscosities of the dispersed and continuous phase respectively. Using 
the relation of local isotropy: - 
5U)2 
_ 
2E 
Sr 15v 2.15 
Shinnar, R. (1961) derived the following equation: - 
d . ax 
((Tv! /2 
£in f 
µd 
max =-9 
µ1 µC 
Therefore: - 
2.16 
d=C6y, 
1/2 
N-3/2D-1 f Ed 
mau 10 
(91) 
Rc 2.17 
Where v is the kinematic viscosity. 
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2.4.2.2 MINIMUM STABLE DROP SIZE (dmin) 
When the volume fraction of the dispersed phase in a stirred vessel is sufficiently large the 
effects of coalescence become significant and cannot be neglected. The rate of coalescence 
will depend on the turbulent intensity as well as the physical properties of the constituents of 
the system. By assuming that there is an adhesive force which tends to hold two colliding 
drops together, Shinnar, R. (1961) proposed that there is a minimum drop diameter (dj) 
below which the turbulent energy input (Et) into a droplet pair is insufficient to overcome the 
adhesion energy barrier (Ea). Both forces are assumed to be a function of the drop diameter. 
When the two colliding drops are of an equal diameter (d) and are separated by a distance hp 
he found that: - 
Ea = A(hn )d 2.18 
Where A(hp) is a constant (hp being the smallest distance between the two drops). Therefore 
the minimum droplet size (dam) will depend on the ratio of the turbulent fluctuation energy 
(Et) to the adhesion energy (Ea). The turbulent fluctuation energy is proportional to 
pu2(d)d3. When Ea>Et coalescence of the droplets occurs and dmin is determined by :- 
Eº 
= 
C11p u2(d)dmi,, 
= 
C11p u2(d)dmin _ - -Constant 2.19 Ea A(hn)d A(h0) 
For local isotropy and d»ii we have (see equation 2.4): - 
u2 (d) = C(cd)2/3 
Therefore: - 
2/3 8/3 C, Zpc£ drt,; n = C13 Ndff8, ý, 3 = Constant 2.20 A(hn ) 
Introducing 2.7 into 2.20 we obtain: - 
C14 p, N2D4/3dý8,3 = Constant 
Hence: - 
3/8 3/4 -1/2 
2.21 
2.22 
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When dmin< (the force preventing coalescence is the viscous shear force), Sprow, F. B. 
(1967b) presented the critical ratio which determines if the two drops will coalescence as 
follows: - 
(µ`Dua2) 
= Constant F 
2.23 
Where Du is the local velocity gradient and F the adhesion force. Sprow, F. B. (1967b) found 
from dimensional analysis that: - 
Du = C16E1/2vc-"2 2.24 
By substituting equation 22.4 into equation 22.3 we obtain: - 
1/2 -1/2 1/4 1/4 dmin = C17F lic vc c 
din = C13Fv24; "2v/4N-3/4D-1/2 2.25 
2.4.2.3 SIMULTANEOUS BREAK UP AND COALESCENCE 
Although the detailed analysis of the turbulent intensity in liquid-liquid dispersions presented in 
sections 2.4.2.1 and 2.4.2.2 is important the practical reality is much more complex. The drop 
size and drop size distribution in an agitated liquid-liquid dispersion is determined by both 
break-up and coalescence effects occurring simultaneously. Church, J. M and Shinnar, R. 
(1961) represented graphically the effects of turbulent intensity and drop diameter on the 
stability of a dispersion (see figure 2.7). 
They used equation 2.17 (break-up equation (d, )) and equation 2.25 (coalescence equation 
(dam)) as well as an equation for droplet suspension (d. « N6) to determine the area of 
drop stability. Thus, to have a turbulence stabilised drop dispersion the drops must be larger 
than dmin (coalescence) and smaller that dm (break-up) and dm (suspension). do 
(suspension) was determined from the relation: - 
dmax C19E2PC 1 f(O) 2.26 -3 
Pd-Pc S 
Where f(O) is an empirical function and 0 the volume fraction of the dispersed phase. 
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Graphical Representation 
of Drop Stability. 
G. ) 
E 
Q 
O 
Q 
bA 
O 
Log N (Stirrer Speed). 
Figure 2.7 - Graphical representation of theoretical equations for break-up, coalescence and 
suspension of droplets in a stirred tank [after Clark, M. (1982)]. 
Equation for 
suspension of 
droplets 
ld N6)- 
/-------------------------------- 
---- Area of drop stability. -"---- 
Equation for breakup of 
---- --------- ------ droplets-(d - 
1.2} ------ 
------ Equationfocoalescenceof --- -- ---. "_..... _.. 
droplets (dam=N-0.75). 
--------------------------------------------- 
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2.4.3 INTERFACIAL PROPERTIES OF A LIQUID-LIQUID 
DISPERSION 
An interface can be defined as a boundary between any two phases, it is usually assumed that 
the two phases are immiscible and mutually saturated. An interface is characterised by its 
interfacial free energy which is the minimum amount of work required to create the interface. 
The interfacial tension is defined as the interfacial free energy per unit area between the two 
phases. 
When one liquid is dispersed i another to form a dispersion the interfacial area is greatly 
increased. This increase in surface area results in an increase in the interfacial free energy of 
the system. As a result of this the system becomes highly unstable compared to the earlier 
state where the surface area is at a minimum (a plain interface between the two phases) and 
the system will attempt to revert to this state in order to reduce its interfacial free energy. 
In order to stabilise a droplet suspension it is necessary to prevent coalescence by reducing the 
interfacial free energy without reducing the surface area. This is achieved by adding a 
surfactant that adsorbs at the liquid-liquid interface and reduces the interfacial free energy and 
thus the interfacial tension. The surfactant, at the interface, which adsorbs as an oriented 
interfacial film acts as a mechanical, steric or electrical barrier around the drops and prevents 
coalescence (Rosen, M. J. (1989)). 
The steric and electrical barriers prevent the drops from approaching one another whilst the 
mechanical barrier prevents coalescence during collisions between drops. Ottewill, R. H. 
(1967) wrote the total interaction energy between the drops as: - 
AG««r = OGerecta tatic + LXGvwje. waais + OGs«., c 2.27 
Where: - 
is due to electrostatic forces of repulsion. 
OGvan , waals is an attraction due to van der waals forces. 
1G-s«rrc is a repulsion force due to the steric effects. 
Usually, when a nonionic stabiliser is present in the continuous phase the repulsion effects due 
to LGSrer« considerably outweigh the other two forces. 
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2.4.4 INTERFACIAL TENSION 
The interfacial tension of immiscible liquids is less than the surface tensions of the component 
liquids. Perry, R. H. and Chilton, C. H. (1973) used Antonoffs rule to make a quantitative 
prediction. This states that the interfacial tension will be equal to the difference between the 
individual surface tensions of the two saturated phases under a common vapour or gas. 
ßc/d =lßc-ßdl 
Where: - 
2.28 
ßc Id is the interfacial tension at the interface of the dispersion. 
ßd is the surface tension of the dispersed phase (saturated with the continuous 
phase) against the common vapour or gas. 
ac is the surface tension of the continuous phase (saturated with the dispersed 
phase) against the common vapour or gas. 
Surface tension can be measured by a number of methods including DuNouy's method, the 
drop volume method (Japanese test method), the Wilhelmy plate method, the pendant method 
and the spinning drop method. Tadros, T. F. (1983) made a detailed presentation of the 
different options available. 
2.4.5 INTERFACIAL ADSORPTION OF SURFACE ACTIVE 
AGENT 
One of the main characteristics of a surfactant is its ability to adsorb at an interface in a 
oriented manner. The efficiency of a surfactant is governed by its interfacial concentration, its 
orientation at the surface and the energy changes in the system. 
Surfactants are either ionic (e. g. sodium dodecyl sulphate (anionic), ethylhexadecyldimethyl 
ammonium bromide (cationic)), non ionic (e. g. HPMC (Hydroperoxy methylcellulose), PVA 
(Partially hydrolysed poly(vinyl acetate)) or finely divided inorganic solids (e. g. magnesium 
hydroxide). Non-ionic surface agents contain a polar hydrophilic chain group and a non-polar 
lipophilic head. At the surface these molecules absorb and orientate themselves according to 
their molecular structure. 
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For low surface concentrations of the active agent the effect of interfacial adsorption on 
interfacial tension is governed by Gibbs adsorption equation: - 
da 
RTd(ln C) 
Where: - 
2.29 
I' is the amount of surface active agent per unit area of interface in excess of 
that present in the bulk solution. 
C is the concentration of the surface active agent in the solution. 
R is the gas constant. 
T is the temperature (K). 
a is the interfacial tension. 
When macromolecules are used as surface active agents, the homopolymers or copolymers 
partition themselves between the two liquid phases as shown in figure 2.8. 
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Figure 2.8 - Typical conformation of a homopolymer chain adsorbed at a liquid(s)-liquid(D) 
interface [after Tadros, T. F. (1983)]. 
The interfacial layer is the region of thickness S. In the case of macromolecules, the 
adsorption does not concern the whole molecule but just segments of it. The adsorption of 
macromolecules is usually irreversible. 
2-19 
Chapter 2. Literature Review - Theoretical Aspects. 
2.4.6 EFFECT OF SURFACTANTS ON SUSPENSIONS 
Mixing is a very complex process. Because of this a lot of work is done on non-coalescing or 
"clean" systems (low dispersed phase ratio). Therefore most correlations and models which 
are currently available are based on "clean" systems (which do not require a surfactant). In 
reality most industrial processes are not "clean" as they contain small amounts of impurities in 
the feed streams and operate with the highest possible dispersed phase ratio in order to remain 
efficient and economically viable. 
In order to run at a higher dispersed phase ratio surfactants are added to the system to stabilise 
the drops. The function of the surfactant is to adsorb at the water/monomer interface and 
prevent coalescence by steric repulsion. Several researchers (Church J. M. and Shinnar, R. 
(1961), Hartland, S. (1968), Borwanker, R. P. et. al. (1986), Konno, M. et. al. (1993)) have 
studied the mechanism of droplet stabilisation in agitated systems as a function of stabiliser 
concentration. This work showed that a sharp decrease in drop size is observed as the 
concentration of stabiliser is increased from 0.03% to 0.5% w/w. They also showed the 
existence of dispersions stabilised by turbulent agitation. This was done by adding drops 
containing dye to an existing dispersion and taking photographs at different time periods after 
the addition of the dyed drops. 
Leng, D. E. and Quarderer G. J. (1982) studied the effect of suspending agents on both liquid- 
liquid dispersions and suspension polymerisation. Four models were produced describing the 
drop size in non-coalescing systems, the models predicted the largest surviving drop size dm 
as a function of geometry, impeller speed and physical properties such as the type of monomer 
and stabiliser concentration. Borwanker, R. P. et. al. (1986) simulated the dispersion process 
for suspension polymerisation of vinyl chloride using 1,2 dichloroethane and ethyl benzene 
using a range of HPMC (hydroperoxy methylcellulose) stabilisers. They determined the 
critical surface coverage of stabiliser needed to prevent coalescence and, using an in-situ 
microphotographic technique, correlated the sauter mean diameter with the extent of agitation 
in turbulent conditions. They concluded that surfactants can stabilise suspensions against 
coalescence when used in sufficient quantities. Nilson, H. et. al. (1985) studied the drop size 
distribution of vinyl chloride in water using a similar method. They observed that there was a 
large difference in drop stability depending on the choice of stabiliser thus highlighting the 
importance of this choice on the properties of the final polymer product. 
Recently Chatzi, E. G. et. al. (1991) studied the effect of stabiliser concentration on the 
evolution of the drop size distribution. They studied the time required for a system to reach a 
steady state condition between drop coalescence and breakage as a function of stabiliser 
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concentration, temperature and agitator speed. Correlations relating the minimum transition 
time (tom) and sauter mean diameter (d32) with the Weber number of the main flow were 
also developed. Konno, M. et. al. (1993) studied the break up process in stabilised liquid- 
liquid dispersions. They confirmed the absence of drop coalescence in their system and found 
that in the break up process the drop size distribution had a similar form at each impeller 
speed. They also proposed a correlation showing the evolution of the sauter mean diameter 
over a wide range of drop sizes. 
Zerfa, M. and Brooks, B. W. (1996c) used a tracer dye technique to investigate the mass 
transfer (mainly by coalescence) between VCM drops for different experimental conditions. 
They found that the rate of coalescence rises relatively slowly with mixing time, is roughly 
proportional to agitator speed and decreases sharply when the concentration of suspending 
agent is increased. Thus the degree of coalescence is mainly controlled by the mixing time, the 
agitator speed and the type and concentration of the suspending agent. 
2.4.7 EFFECT OF SURFACTANT ON POLYMER PRODUCT 
The surfactant not only effects the properties of the initial suspension but it also effects the 
properties of the final polymer product. Stephenson, R. C. and Smallwood, P. V. (1989) 
showed that the choice of stabiliser influenced the mean particle diameter (see figure 2.9) and 
also influenced the particle porosity (see figure 2.10). 
2.5 REACTION 
In industrial suspension polymerisation 100 parts water and approximately 100 parts vinyl 
chloride are charged to a reactor with a small amount of a dispersant (typically less than 1 
part). The dispersants most commonly used are poly(vinyl alcohol) or carboxymethyl 
cellulose. This mixture is agitated to form a suspension of vinyl chloride droplets in the water. 
Polymerisation is started by the addition of a small amount of a free radical initiator which is 
soluble in the monomer. Typical initiators are benzoyl peroxide and lauroyl peroxide. 
The droplets of vinyl chloride fill with tiny particles of PVC which is insoluble in its own 
monomer and precipitates out once the growing radical reaches about 10 monomer repeat 
units in length. Polymerisation is initiated in the aqueous phase primarily by chain transfer 
from the monomer. 
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Effect of Stabiliser 
on Particle Size. 
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Figure 2.9 - Effect of stabiliser on mean particle diameter [after Stephenson, R. C. and 
Smallwood, P. V. (1989)]. 
2-22 
Chapter 2. Literature Review - Theoretical A pacts. 
Effect of Stabiliser 
on Particle Porosity. 
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Figure 2.10 - Effect of stabiliser on particle porosity [after Stephenson, R. C. and Smallwood, 
P. V. (1989)]. 
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Sub micrometer sized particles of a graft copolymer containing PVC and the dispersant are 
formed. The copolymer migrates to the surface of the droplet and builds up a skin on the 
outside which is called the pericellular membrane. Initially the pericellular membrane is built 
up from both directions (see figures 2.3 and 2.4 on pages 2-5 and 2-6). At 1-2% conversion 
the pericellular membrane forms a complete shell around the vinyl chloride droplet (figure 2.6 
on page 2-6) while the inside of the droplet is full of micrometer sized particles of PVC in 
Brownian motion which are electronically charged (Davidson, J. A. and Witenhafer, D. E. 
(1980)). Thus at 1-2% conversion a double colloid exists with the 100µm diameter vinyl 
chloride droplets mechanically stabilised against flocculation by the pericellular membrane 
which is now complete. These monomer droplets contain a stable suspension of PVC particles 
in vinyl chloride that is electrically stabilised. 
The fate of this colloid system depends on the degree of agitation within the reactor. In a 
non-agitated or quiescent polymerisation the density difference between the monomer and the 
polymer cause the monomer droplet to collapse gradually (causing the familiar dimpling of 
PVC particles) and eventually the electrically stabilised grains of PVC inside the monomer 
droplet are forced into contact. If the agitation is mild the electrically stabilised grains of PVC 
flocculate and a irregular structure is created inside the droplet (figure 2.6). Very vigorous 
agitation coalesces the encased monomer droplets and the familiar structure of PVC forms. 
Thus the interior and exterior morphology of suspension PVC grains is the result of complex 
agglomeration operating alongside the polymerisation process. 
2.5.1 MECHANISM 
The kinetics and mechanisms of suspension polymerisation and mass polymerisation are 
generally treated together because the suspension droplet can be considered as a mass 
polymerisation on a small scale. 
The polymerisation of VCM follows the same general reaction scheme as that obeyed by other 
monosubstitiuted ethylenes, it is a free radical polymerisation consisting of three steps : - 
Initiation, Propagation and Termination. 
The vinyl chloride molecule possesses a double bond which is split during the process and 
joins with similar molecules. 
CH2 = CH(Cl) -) -(CH2 - CH(Cl)). - 
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An important feature of vinyl chloride polymerisation is that the PVC is virtually insoluble in 
vinyl chloride monomer (the equilibrium solubility of PVC being approximately 0.1 % wt. ) 
(Sidiropoulou, E. and Kiparissides, C. (1990)). Thus once a polymer chain is formed (about 
10-20 monomer units long) it immediately precipitates out so vinyl chloride polymerisation is 
classified as a multiphase process. The kinetic mechanism of the free radical polymerisation of 
vinyl chloride can be described by the following equations (Yuan, H. G. et. al. (1991)). 
Initiation 
The initiation step is considered to involve two reactions. The first is the production of free 
radicals by the dissociation of an initiator I to form a pair of free radicals R". 
I "" )2R" 2.30 
The second part involves the addition of this radical to the first monomer molecule to produce 
the chain initiating species. 
R"+M ki *RM" 
Propagation 
3.31 
Propagation consists of the growth of the polymer chain by the addition of more monomer 
units. 
RM"+M k" 4 RMM" 2.32 
RMM 0 +M ) RMMM " 2.33 
or in general: - 
R(M)n"+M=' 4R(M),, +i" 2.34 
In vinyl chloride polymerisation transfer of the radical from a growing chain to another species 
(e. g. a monomer molecule) is possible. This can be represented by equation 2.35. 
R(M)n"+M '4P. +R" 2.35 
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Termination 
Termination of the polymer chain can be caused by either coupling or disproportionation. The 
molecular weight distribution and of PVC and frequency of groups at the end of the polymer 
chain suggests that disproportion is the most common mechanism (Langsam, M. (1986)). 
Termination by disproportionation 
R(M)m"+R(M),. " ``d )R(M)mH+[R(M)n-H] 2.36 
Termination by combination (coupling) of two polymer chains. 
R(M)m " +R(M)n " =U` ) R(M)m + nR 2.37 
2.5.2 KINETICS 
Vinyl chloride polymerisation is a free radical polymerisation and the mechanism is the same as 
that for many other similar monomers. 
In vinyl chloride polymerisation the polymer is virtually insoluble in its own monomer and 
precipitates out when the chain has reached about 10 monomer repeat units in length. The 
precipitated polymer is swollen by its own monomer and the reduced termination rate in the 
gel phase may be considered responsible for the fact that polymerisation rate increases with 
increased conversion. 
Initiation 
The rate of formation of radicals as shown in equation 2.30 is given by 
Ri = 2kd[I] 2.38 
Where ki is the rate constant for the initiator decomposition. 
or more usefully: - 
R= 2kif [Io exp(-kit)] 2.39 
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Where [Io] is the initial concentration of the initiator, t is the time and f is the initiator 
efficiency factor. This is introduced as not all the initiator radicals react to produce a growing 
chain. The constant kd is related to the half life of the initiator tl/2 by: - 
kj _ 
log e2 
ti 12 
Propagation 
2.40 
The rate of propagation of the polymer chain is the same as the rate of disappearance of the 
monomer. Monomer is consumed in the second half of the initiation (equation 2.31) and in 
the propagation (equation 2.34) and this can be represented by the equation: - 
-d[M] = Rp = k[R"][M]+kk[R(M),. ][M] 2.41 dt 
The amount of monomer consumed in the initiation is very small so this term can be assumed 
to be negligible and equation 2.41 simplifies to: - 
-d[M] = Rp = kp[R(M),. "][M] 2.42 dt 
Transfer (as shown in equation 2.35) can be represented by equation 2.43: - 
Rn = krr[R(M)n"][M] 2.43 
The chain transfer coefficient (the rate of transfer divided by the rate of propagation) is given 
by: - 
Cu. = 
kl 
kp 
Termination 
2.44 
Termination can occur by two possible methods, disproportionation and combination but 
studies show disproportionation to be the predominant method for VCM (Langsam, M. 
(1986)). 
RR = 2ki[R(M)m"][R(M)n"] = 2kr[R(M)]2 2.45 
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Overall Polymerisation Rate 
The overall rate of polymerisation can be obtained by applying the classical steady state 
hypothesis which states the concentration of radicals stays constant and therefore the rate of 
formation must be the same as the rate of destruction. Therefore from equations 2.38 and 
2.45 we can see that: - 
R; = 2k4[I] = 2kr[R(M)n"]2 2.46 
Therefore: - 
fkd [1 
[R(M)n*j 
k 
2.47 
Substituting this into equation 2.42 gives: - 
-d[M] = kp[M] 
k``[I] Y2 
2.43 
dt 
{ 
kt 
} 
This equation only predicts the rate of polymerisation up to low degrees of conversion and it is 
obvious that this simple model needs improvement The obvious change is that polymerisation 
occurs in two phases, the monomer rich phase and the polymer rich gel phase. Termination 
occurs primarily by the diffusion and collision of two bulky radicals. This is considerably 
slower in the viscous polymer phase ((kt) is reduced and the rate of polymerisation increases). 
2.5.3 MOLECULAR WEIGHT 
With PVC the rate of polymer formation by chain termination is small and thus the length of 
the polymer chain is determined by the ratio of the rate of chain propagation to the rate of 
chain transfer. Therefore: - 
DP _ 
Rate of Propagation 
_ 
kp[R(M)n"][M] 
_ 
kp 2.44 
Rate of Chain Transfer kk. [R(M)n"][M] k1r 
As kp and ktt depend only on temperature. The molecular weight of PVC is controlled by the 
polymerisation temperature which is observed experimentally. 
DP = 
kp 
= 9.2 x 10-3 exp(7400 / RT) 2.45 kt. 
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Thus, under typical operating conditions, a typical polymer chain is about 700 monomer units 
long (Kunchanov, S. J. and Bort, D. N. (1973)). 
2.5.4 MODEL DEVELOPMENTS 
What has been presented so far is a simple model for the polymerisation of vinyl chloride. Due 
to the complex nature of vinyl chloride polymerisation this simple model is not very good. 
There have been several attempts to improve the models to take other factors into account. 
Kuchanov, S. J. and Bort, D. N. (1973) cited 60 papers concerning the mechanism and kinetics 
of vinyl chloride polymerisation. Arita, K. and Stannett, V. (1973) referred to 
mechanisms/models which had been proposed in 11 different papers to account for the various 
features of bulk polymerisation but unfortunately none of these was complete. 
Ravey, M. et. al. (1974) presented an overall mechanistic scheme in which they identified five 
stages in the process each of which had its own unique environment. 
Ray, W. H. et. al. (1975) reviewed some of the previous models and went on to propose some 
more detail which was consistent with previous experimental results. 
At the third international symposium of PVC in 1981 Ugelstad, J. et. al. (1981) presented a 
review paper which went on to propose more complex models. 
Lukec. D. and Bozicevic, J. (1984) developed a theoretical model and then went on to 
improve it through experimental investigation. Further suggestions were made by Pinto, J. C. 
(1990). 
Sidiropoulou, E. and Kiparissides, C. (1990) presented a unifying framework for modelling 
free radical suspension and bulk polymerisation. A fairly comprehensive and realistic model is 
described that has the ability to predict the rate of polymerisation as well as the molecular 
properties as a function of the process conditions. Further models were proposed by Xie, 
T. Y. et. al. (1991) in a series of papers. 
There have also been several other practical studies carried out, these include (Davidson, J. A. 
and Witenhafer, D. E. (1980), Ravey, M. et. al. (1974), Winslow, F. H. and Materyek, W. 
(1951), Smallwood, P. V. (1986)). Ueda, T. et. al. (1972) designed equipment in such a way 
that direct microscopic observation of the polymerisation was possible. Ravey, M. et. al. 
(1974) distinguished five separate stages although most workers just divide the process up 
into three main stages. During the first and third stage, the reaction mixture (inside the drop) 
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consists of a single phase and is considered as a homogeneous polymerisation process. In the 
second stage, which is the longest, two phases are present simultaneously. In the latter case, 
the polymerisation is hetero phase. 
2.6 PARTICLE MORPHOLOGY 
The structure of the PVC particle is related to the actual polymerisation process and this has 
already been described in section 2.5. 
Smallwood, P. V. (1986) stated that the morphology of the grains depended on many factors. 
These include the agitation in the autoclave, the protective colloid (usually a partially 
hydrolysed poly(vinyl acetate) (PVA) and/or cellulose ether), secondary stabilisers (such as 
low hydrolysis PVA's or surfactants) and temperature. 
There has been a lot of work done on the structure of PVC particles, this includes work by 
(Geil, P. H. (1977), Allsopp, M. W. (1981), Davidson, J. A. and Witenhafer, D. E. (1980), 
Winslow, F. H. and Materyek, W. (1951), Smallwood, P. V. (1986), Ueda, T. et al. (1972), 
Geil, P. H. (1977b), Kiparassides, C. (1990)). 
Davidson, J. A. and Witenhafer, D. E. (1980) was the first to show the existence of the 
pericellular membrane. He did this by dissolving the PVC particle using THE (tetra hydro 
furan) and then studying the "ghost" structure which was left. From this work it has been 
deduced that the pericellular membrane consists of a graft co-polymer of the vinyl chloride 
monomer and the suspending agent. 
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3.1 MIXING TANK AS A BATCH REACTOR 
There are various types of equipment for producing drops, these include spray nozzles, 
atomisers and mixers. The choice of equipment depends on the system and physical properties 
of the materials. Mixers are the most suitable for liquid-liquid dispersions with the others 
being more suited to gas-liquid systems. Industrially mechanical agitation is performed in a 
mixer. The performance of a mixer is highly effected by its geometry and dimensions as well 
as the choice of impeller and the effects of any baffling. The details of the main mechanical 
features of each type of equipment and their range of operating duties were discussed by 
Nagata, S. (1975), Oldshue, J. Y. (1983) and Hamby, N. et. al. (1992). A stereotypical 
mechanically agitated mixer is shown in figure 3.1. 
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Figure 3.1 - Typical arrangement for a mechanically agitated vessel [after Hamby, N. et. al. 
(1992)]. 
The "standard" geometry vessel is used widely for liquid-liquid dispersions especially for 
research purposes. Typically it is filled to a depth of one vessel diameter. The vessel is a 
vertical cylinder with a size range of O. lm (laboratory unit) to 10m (industrial unit) diameter. 
The base of the vessel may be flat or dished depending on the use and it is often baffled with 4 
or 6 baffles each 1/10 of the tank diameter to prevent vortex formation. These baffles are 
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usually flush mounted to the wall although their may be a small clearance between the baffles 
and wall in some cases. Baffling is generally not needed with high viscosity liquids. It may 
also be fitted with a heating/cooling jacket. 
The impeller is generally mounted on a central vertical shaft inside the tank. The choice of 
impeller depends mainly on the viscosity of the system as shown in table 3.1. 
Impeller Type Viscosity k m. sec. 
Propeller <2 
Turbine <50 
Paddle <1000 
Anchor Higher Viscosities 
Table 3.1 - Range of application of impellers with relation to viscosity. 
3.2 HETEROGENEOUS POLYMERISATION PROCESSES 
Polymerisation is the largest and most complex production process carried out by the chemical 
industry. Variations of polymer and additives gives an incredibly diverse range of products 
and product properties which is why polymers enjoy such wide usage in the world today. For 
this reason changes and improvements in the polymerisation process are always occurring as 
manufacturers strive to improve their processes both in terms of efficiency and the quality and 
uniformity of the product. 
Heterogeneous polymerisation may be carried out with the monomer alone (bulk), in a solvent 
(solution), in an emulsion in water (emulsion) or as droplets suspended in water (suspension) 
with each drop acting as a mini bulk reactor. 
All four methods are commercially applied to radical initiated chain polymers such as 
polystyrene or methyl methacrylate. Polymerisations are also classified as homogeneous or 
heterogeneous depending on the solubility of the reactants and products. This section presents 
a brief summary of the main polymerisation processes and their application to vinyl chloride 
polymerisation. More attention is applied to the suspension process. 
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3.2.1 BULK (MASS) POLYMERISATION 
In bulk (also called mass) polymerisation monomer initiator and polymer are the main 
components. The monomer is charged to the reactor and a monomer soluble initiator is used 
to start the polymerisation reaction. Bulk polymerisation is volume efficient and gives a very 
pure product as no other possible contaminants are present. However temperature control can 
be a problem and this is particularly true of processes that have high heats of polymerisation. 
The exotherm accompanying the polymerisation can also be accompanied by a rapid increase 
in the viscosity as the polymer content rises. Thus in a number of bulk polymerisation 
processes the reactor contents may be transferred to a second vessel at low conversion (10- 
20%) either to recycle the unreacted monomer or, as is the case with vinyl chloride, to take 
the reaction to completion. When the polymer is insoluble in its monomer, as is the case with 
vinyl chloride, a slurry of polymer and monomer is formed in the reaction mixture. 
The commercial bulk polymerisation process for vinyl chloride polymerisation is carried out 
between 40 and 70°C using the Pechiney-St Gobain two step process. The first step takes 
place in the prepolymeriser (8-25 m3) and takes the product to 7-12% conversion. This step 
usually takes about 30 minutes and is terminated by initiator exhaustion so an initiator with a 
short half life is used (e. g. peroxydicarbonates, acetyl cyclohexane). The second step takes 
place in the polymeriser (12-50m3) and takes the product to 70-90% conversion, this stage 
takes between 3 and 9 hours. 
Figure 3.2 shows the equipment for the two stage bulk polymerisation of vinyl chloride. The 
prepolymeriser is a vertical stainless steel autoclave with a water cooled jacket, a condenser, a 
turbine agitator and baffles. The polymeriser is a horizontal jacketed vessel with one or more 
condensers, the slurry is slowly agitated (6-10 rpm) using a ribbon mixer. 
Because of difficulties with discharge of the horizontal polymeriser a new vertical reactor was 
designed in 1978 by ATO and is shown in figure 3.3. 
Because of volume efficiency, reduction of contaminants and reduction of expensive 
equipment for solvent removal, recovery and purification the use of the bulk polymerisation 
processes is expanding despite the technological difficulties with heat removal and mixing in 
the latter stages of the process. 
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Figure 3.2 - Equipment for two stage bulk polymerisation of vinyl chloride [After 
Schildknecht, C. E. (1977)]. 
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1- Reactor Shell and Jacket. 
2- Upper Screw Agitator. 
3- Lower Anchor Agitator. 
4- Reflux Condenser. 
5- Degassing Filter. 
6 
6- Maximum PVC Resin Level. 
7- Discharge Valve. 
8- Manhole. 
9- Packing Seal. 
Figure 3.3 - The ATO polymeriser [After Burgess, R. H. (1982)]. 
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3.2.2 SOLUTION POLYMERISATION 
In solution polymerisation a solvent for the monomer (and usually the polymer) is used. The 
main advantage of a solvent is that it aids mixing and the removal of the heat of 
polymerisation. This process is usually avoided on a commercial scale unless there are clear 
benefits to using a solvent over the other processes because of the cost of removal and 
recovery of the solvent. The solution polymerisation process is advantageous when the 
product can be used without removing the solvent such as in the manufacture of protective 
coatings and in the textile industry. When the solvent is not totally inert it can influence the 
reaction rate, the molecular weight of the product and the degree of polymerisation. In some 
cases the polymer product is not miscible in the monomer solvent solution. In this case we 
might have the following combinations (Rodrigez, F. (1989)). 
Combination 1 2 3 4 
Monomer and Dilutant Soluble Soluble Soluble Soluble 
Initiator Soluble Insoluble Insoluble Soluble 
Polymer Soluble Soluble 
T 
Insoluble Insoluble 
Table 3.2 - Table showing possible combinations of soluble and insoluble components. 
In most cases, for a solution polymerisation process a conventional glass lined or stainless 
steel reactor is suitable for batch operation. 
Solution polymerisation has no real application to the polymerisation of vinyl chloride. 
3.2.3 EMULSION POLYMERISATION 
Emulsion polymerisation is used to produce polymer colloids. Emulsion polymers are used in 
paints, adhesives and additives for coatings as well as any application where very small 
polymer particles are needed. The main components of an emulsion polymerisation are 
monomer, surfactant, a water soluble initiator and de-mineralised water. The monomer is 
dispersed in the aqueous phase. The subsequent generation of free radicals in the aqueous 
phase results in the production of small polymer containing particles which are usually the 
main locus of polymerisation. This process is shown schematically in figure 3.4. 
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Figure 3.4 - Schematic representation of the mechanism of emulsion polymerisation [After 
Geller, 0. (1966)]. 
The surfactant is used in fairly high quantities so that it is well in excess of the "critical micelle 
concentration" and exists in the aqueous phase as micelles. Micelles are aggregates of 
surfactant molecules arranged so that their hydrophilic ends form an outer surface adjacent to 
the water and their hydrophobic ends gather together on the inside of the micelle. 
The monomer drops eventually disappear as the polymerisation progresses and very small 
polymer particles of 0.005µm to 5µm are produced. The low viscosity aids mixing, heat 
transfer and ease of handling of the product. 
In vinyl chloride emulsion polymerisation the reaction is carried out in stirred autoclaves fitted 
with cooling jackets to remove the heat of polymerisation. The temperature is kept constant 
as it effects the properties of the PVC which is produced. The process takes between 6 and 9 
hours and is taken to approximately 90% conversion during which time agitation is 
maintained. A recipe for simple batch emulsion polymerisation is shown in table 3.3 
(polymerisation temperature 52°C). 
Ingredient 
De-mineralised 
Vinyl Chlori( 
Stearic Acic 
: Sodium Hydro 
Ammonium Pers 
Table 3.3 - Recipe for a typical batch emulsion polymerisation. 
The PVC lattices produced contain spherical particles with a particle size range of 0.1µm to 
0.3µm. 
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Although emulsion polymerisation allows faster rates of reaction at lower temperatures than 
other processes the residual surfactants contaminating the polymer product make it more 
susceptible to heat and shear stresses. Despite this, emulsion polymerisation is the second 
most popular method for the manufacture of PVC with the suspension process being the most 
widely used. Emulsion polymerisation is generally used when small particles are desired. 
3.2.4 SUSPENSION POLYMERISATION 
Suspension polymerisation is a process where a water immiscible liquid is suspended as 
droplets in a continuous phase, usually water, and then polymerised. The main components in 
a suspension polymerisation process are monomer, de-mineralised water and small quantities 
of initiator and surfactant. Violent agitation is used to disperse the monomer in the continuous 
phase and keep the polymer particles suspended. Suspension polymerisation requires small 
amounts of surfactants to prevent drop coalescence and aggregation of the polymer particles 
during the polymerisation process, these surfactants are generally referred to as suspension 
stabilisers or suspending agents. Polymerisation is initiated by heating the reaction mixture up 
to a temperature where the initiator decomposes. The initiator is soluble in the organic phase 
but insoluble in the continuous phase so polymerisation is initiated inside the monomer drops 
and each drop can be considered to be a miniature bulk polymerisation process. Usually the 
droplets are slowly converted from a highly mobile liquid state through a sticky syrup like 
dispersion (20-60% conversion) to hard solid polymer particles (>70% conversion) (Grulke, 
E. A. (1985)) 
The main steps of a typical suspension process are: - 
" The preparation of suspending agents, buffers and initiators. 
" Formation of the suspended monomer droplets in the continuous phase. 
" Initiation and polymerisation. 
" Monomer recovery. 
" Dewatering. 
" Powder storage. 
The details of the latter operations will vary depending of the polymer being produced. 
Because of the spherical shape of the polymer particles produced by suspension polymerisation 
it is sometimes called bead or pearl polymerisation. Yuan, H. G. et. al. (1991) showed that 
there are three types of suspension polymerisation process. 
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3.2.4.1 BEAD (OR PEARL) SUSPENSION POLYMERISATION 
In this case the monomer dissolves in the polymer. The monomer droplets pass through a 
viscous syrupy state and are transformed to clear little solid spheres. An example of this is the 
polymerisation of styrene to form polystyrene. 
3.2.4.2 MASS SUSPENSION POLYMERISATION 
This is a two stage process. In the first stage a "runner" (e. g. poly butadiene) is dissolved in 
the grafting liquid monomer mixture. The mixture is initially polymerised in a bulk process 
and when it reaches 25-30% conversion, the reaction mixture is then transferred to a 
suspension reactor filled with water containing a stabiliser. The reaction then proceeds until 
the desired conversion is reached. An example of this is the manufacture of ABS 
(acrylonitrile-butadiene-styrene) resin. 
3.2.4.3 POWDER SUSPENSION POLYMERISATION 
In this case the polymer is insoluble in its monomer and bulk precipitation polymerisation 
occurs within each drop. The final polymer grains are opaque and have an irregular shape. 
An example of this process is the production of poly(vinyl chloride) 
Diameters of the suspension droplets are usually in the 50-2000µm range whilst the polymer 
particles are in the 150-5000µm range. The size of the monomer droplets and size, porosity 
and bulk density of the polymer particles can be effected by the water/monomer ratio, type of 
initiator, type and concentration of the stabilisers(s), agitation and temperature of the 
polymerisation. 
3.2.5 ADVANTAGES AND DISADVANTAGES OF THE 
SUSPENSION POLYMERISATION PROCESS 
Suspension polymerisation has a number of advantages over the other polymerisation 
processes, these are: - 
" The overall viscosity of the suspension is low so efficient agitation is possible. 
" Easy heat removal and temperature control. 
" Low levels of impurities in the final product (compared to emulsion polymerisation). 
" If the product is required as a powder then the suspension process is suitable because the 
energy required to disperse the monomer droplets is less than the energy needed to break 
up the final polymer (compared to bulk polymerisation). 
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On the other hand the disadvantages of the suspension process are as follows: - 
" Polymer build up on reactor walls and internals. 
" Larger reactors needed because of the added volume of the water (compared to bulk 
polymerisation) 
" Waste water problems (compared with bulk polymerisation). 
3.3 SUSPENSION POLYMERISATION OF VINYL CHLORIDE 
Suspension polymerisation is used to manufacture approximately 80% of the world's PVC. 
The process is carried out batchwise in stainless steel reactors using flat blade or turbine type 
agitators. The vessel size has increased over the years in the range of 10-200m3. The 
increase in vessel size has increased the problems associated with the removal of the heat 
produced by the exothermic reaction and this is often overcome by fitting a reflux condenser 
to the top of the reactor. The reaction is carried out under pressure as vinyl chloride boils at 
-13.4°C at atmospheric pressure. A typical suspension polymerisation recipe for vinyl chloride 
polymerisation is shown in table 3.4. 
Ingredient Relative amount+ 
Water 100-130 
VCM 100 
Protective Colloids 0.05-0.15 
Initiator 0.03-0.07 
all ratios are relative to VCM. 
Table 3.4 - Typical recipe for vinyl chloride suspension polymerisation. 
The droplets (approximately 60µm in size) are suspended in the aqueous phase by agitation in 
the presence of surfactants. A monomer-soluble free radical initiator is used to initiate 
polymerisation within the monomer drops. The reaction is performed at 50-75°C and lasts for 
250-600 minutes depending on the grade of product desired and the pressure is 7-13 
atmospheres depending on the reaction temperature and stage of the reaction. At about 70% 
conversion all the free liquid monomer is used up and as a result the pressure within the 
reactor starts to fall and the reaction is terminated once the desired conversion is reached 
(typically 70-95%). Figure 3.5 shows the typical temperature and pressure profiles during the 
course of a vinyl chloride polymerisation. 
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Suspension Polymerisation. 
Temperature and Pressure Profiles. 
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Figure 3.5 - Typical temperature and pressure profiles during the course of reaction [after 
Clark, M. (1982)]. 
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3.4 DROP SIZE MEASUREMENTS. 
The accurate determination of surface area as well as the drop size and drop size distribution is 
of major importance in liquid-liquid dispersions. Tavlarides, L. L. and Stamatoudis, M. (1981) 
summarised experimental methods used to measure drop size distributions. 
There are two main groups of methods, indirect methods and direct methods. The indirect 
methods determine interfacial area (A) and sauter mean diameter (d32) whilst the direct 
methods determine the drop size and drop size distribution. 
The drop size may be determined by using the arithmetic mean diameter (dm) which is 
obtained from the equation: - 
-ýN, 
ddm 
- N 3.1 
Or from the sauter mean diameter (volume to surface ratio) which is obtained from the 
equation: - 
3 
d32 
Nd; 
= 
NZ 3.2 
Where 
Ni is the frequency of the drops in the size range di and di+1 
di is the average diameter i the interval i to i+1 and is calculated as: - 
(di+di+i) 
2 3.3 
The interfacial area per unit volume A is related to the sauter mean diameter (d32) and the 
volume fraction of the dispersed phase 0 through the equation: - 
A= 
60 
d32 3.4 
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3.4.1 INDIRECT METHODS 
3.4.1.1 LIGHT TRANSMITTANCE 
When a parallel beam of light is passed through a liquid-liquid dispersion only a fraction of it is 
transmitted due to scattering effects. Calderbank, P. H. (1958) developed an expression 
relating the transmittance to the total interfacial area. He assumed that the drops were of 
uniform size therefore: - 
1 
ex L_ 
1 (A. l) 
Io P441 
Where 
Io is the amount of incident light 
I is the amount of transmitted light 
L is the length of the optical path and 
A is the interfacial area per unit volume. 
This method does not affect the system being measured. 
3.4.1.2 CHEMICAL METHOD. 
3.5 
This method involves the diffusion of a reactant A* from the dispersed phase into the 
continuous phase where the reaction occurs. The reaction is assumed to be fast enough to 
keep the concentration of A* in the continuous phase negligible but not so fast that any A* at 
the interface reacts. Using these assumptions and conditions an expression can be derived 
giving a relation for a pseudo first order reaction: - 
Y2 RA = ACA' (DA'K+KL2) 2 3.6 
Where RA is the rate of extraction per unit area 
A is the interfacial area per unit volume of dispersion 
CA* is the concentration of A* in the dispersed phase 
DA is the diffusion coefficient of A* in the continuous phase 
K' if the reaction rate constant 
KL the continuous phase mass transfer coefficient. 
This method gives the interfacial area as the mass transfer through the interface changes the 
physio chemical properties of the dispersion. 
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3.4.2 DIRECT METHODS 
3.4.2.1 SAMPLE WITHDRAWAL. 
This method is relatively easy to perform but the sample has to be prevented from coalescing 
during the sampling process. To avoid coalescence two techniques are usually used. Mlynek, 
Y. and Resnick, W. (1972) used an interfacial polymerisation to encapsulate the drops. The 
drop size and size distribution can then be determined by photomicrography. The 
disadvantage is that a reactant has to be added to the dispersed phase before making the 
dispersion and this can interfere with the interfacial tension and thus the properties of the 
dispersion itself. 
The second method is based upon stabilisation of a sample of the entire mixture by adding a 
surfactant (e. g. PVA (partially hydrolysed poly(vinyl acetate)), HPMC (hydropropyl 
methylcellulose)). Samples are then analysed using photomicrography. 
Ross, S. L. et. al. (1978) designed a photometer assembly to measure the drop size of stabilised 
drops by forcing them through a capillary tube. 
To Waste 
Reflecting Eroscopem 
Mirror Splitter 
ý19 6V DC Capillary 
Light From Reactor 
455}ßm Glass 
Optical Filter 
Iris 
Photometer 
Head 
Figure 3.6 - Microscope assembly for drop size measurement [after Verhoff, F. H. (1969)]. 
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3.4.2.2 IN SITU MEASUREMENTS. 
This method gives measurements of the dispersion without disturbing its dynamic conditions. 
The photo-probes used are designed in such a way as to minimise their effect on the 
dispersion. They mainly use high speed cinematography or photography with a short flash 
time (1-100µsec. ) in order to "freeze" the drops. 
Coulaloglou, C. A and Talverides, L. L. (1976) used a photomicrographic probe assembly to 
measure the drop size and drop size distribution at various depths in the mixing vessel (figure 
3.7). They analysed dispersions up to 0.15 phase fraction dispersed phase. 
Adaptor and 
Camera 
Eyepiece 
Vessel 
Plate 
Microscope 
Tube 
Protective 
Objective 
Cup U Glass Plate 
Figure 3.7 - Photomicrographic probe assembly [After Coulaloglou, C. A. (1975)]. 
Park, J. Y. and Blair, L. M. (1975) used the fibre optic probe assembly shown in figure 3.8. 
They used this probe to measure drop size using high speed cinephotography. Some other 
workers have taken photographs through a window in the side of the vessel (Chen, H. T and 
Middleman, S. (1967), Collins, S. B. and Knudsen, J. G. (1970) and Calabrese, R. V. et. al. 
(1986)). 
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Figure 3.8 - Fibre optic probe assembly [After Park, J. Y. and Blair, L. M. (1975)]. 
3.4.3 CHOICE OF METHOD 
In this work it was decided to use a direct method to view the droplet suspension because it 
was also desired to examine the progress of the polymerisation optically. Sample withdrawal 
was chosen in preference to an in-situ method as it is a simpler method and avoids the 
problems of light scattering at high dispersed phase concentrations. Sample coalescence is not 
a problem as the droplets are already stabilised with surfactant. A pressurised optical cell was 
used to remove a sample from the reactor and allow examination and photography by using a 
microscope. 
The drop size distribution was determined by projecting the photograph onto an opal screen 
(at known magnification) and then measuring a sample of the drop sizes manually. Image 
analysis techniques were considered but the samples often contain two or more layers of 
overlapping drops and current software is not capable of coping with overlapping layers of 
drops. 
Video imaging was also considered but this would have required significant capital investment 
and the image analysis problems would still remain. The video and photographic techniques 
are known to give comparable results (Beck, K. et. al. (1996)). 
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Experimental Apparatus. 
4.1 EQUIPMENT DESCRIPTION 
A double walled pressurised batch reactor was used for the polymerisation of VCM. The 
overall arrangement of the experimental apparatus is shown in figure 4.1. 
4.2 THE REACTOR 
The reactor was supplied by European Vinyls Corporation (E. V. C. ) U. K. Limited. It had 
originally been designed by Leao, M. L. et. al. (1986) at the chemical engineering department 
at Imperial College, London as a four-roll mill to study the effects of the two dimensional 
extentional and rotational flows on a population of inert and polymerising droplets. The mill 
has been modified so that it can be used as a pressurised polymerisation reactor for the 
suspension polymerisation of vinyl chloride. This involved designing a new reactor lid which 
uses the same sealing mechanism as the mill. The modified reactor is a double walled baffled 
vessel consisting of 2 main parts, the lid and bath The lid contained the sealing mechanism 
around the agitator shaft. The bath comprised of the vessel wall and base plate. Both were 
machined from 205 nun diameter 316 stainless steel rod and were 28 mm thick. The seal 
between the reactor bath and lid was made by a Viton o-ring and sixteen 3/8" BSF bolts where 
used to secure the lid. 
The inside surface of the vessel was sloped so that the internal diameter of the vessel was 
greatest at the central point. The vessel walls sloped inwards towards the top and bottom of 
the vessel and the diameter decreased by about 4 mm at the top and bottom. A turbine blade 
agitator with six flat blades was used for mixing. The vessel also has four baffles each 1/10 of 
the tank diameter which were designed so that it was easy to remove them from the reactor. 
The reactor and the lid with sealing mechanism are shown in figures 4.2 and 4.3 respectively. 
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In addition the reactor was also fitted with: - 
1- The Water Jacket. A recess of rectangular cross section 14 mm deep and 68 mm wide 
running the entire circumference of the vessel was machined into the outside wall, this was 
then sealed with a strip of stainless steel 70 mm wide and 1.4 mm thick. Baffles were welded 
into the recess to increase turbulence and improve the heat transfer characteristics. 
2- The Temperature Probe Port. A stainless steel probe 22 nun long and 3.5 mm in diameter 
with a male nut (1/8" BSF) was fitted into the base of the reactor near the wall. The 
temperature was monitored using a digital readout with a range of -10°C to 110°C and a 
resolution of 0.1 °C with a selectable sensing period of 1 or 10 seconds (the one second setting 
was normally used). The readout also contained an alarm that was set to 5°C higher that the 
desired operating temperature. 
3- The Charge/Discharge Port. A Swagelock male connector (1/8" O. D. tube - 1/8" NPT 
thread) was fitted into the base of the reactor for charging and discharging the reactants. 
4- The Sampling Port. A Swagelock male connector (1/8" O. D. tube - 1/8" NPT thread) in 
the vessel wall connected to an external on/off ball valve allowed samples to be taken from the 
reactor into the optical cell (described in section 3.3). 
5- The Gas Bleed Port. An overhead port opposite the sampling port was designed for two 
purposes. One was to allow purging of the reactor and the other was to connect the reactor to 
a pressure indicator and bursting disc. The fitting used a Swagelock male connector(1/16" 
O. D. tube - 1/8" NPT thread). This allowed a 1/16" O. D. stainless steel tube to be inserted 
into the reactor to just above the liquid level. Outside the reactor this was connected to a 
union tee (1/8" O. D. tube - 1/8" NPT thread) from which one arm led to the venting line and 
the other to the pressure indicator and bursting disc. 
6- The Agitator Seal. The seal had to meet the following requirements: - 
" Pressure of 15 Bar. 
" Temperature of 80°C. 
" Chemically inert to VCM. 
" Shaft diameter of 8 mm. 
" Rotation speed of 800 rpm. 
" Non-lubricated (to avoid contamination of the polymerising system). 
" Compact (not too bulky to be fitted to a small system). 
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One of the best sealing systems which met all of the above requirements was a lip seal 
arrangement. They were Gylon (Trade name of Garlock Ltd. ) lip seals made from a 
PTFE/Graphite mix and have the following properties: - 
" Good memory (elastic). 
" Low thermal expansion. 
" High pressure capability. 
" Chemically resistant to the polymerising mixture. 
" Requires low installation volume (compact). 
In order to prevent leakage a multi-lip arrangement could be installed in a very short axial 
length. A double lip arrangement was used with an atmosphere of nitrogen between the two 
seals. The sealing mechanism is shown in figure 4.3. Details of the locking nut and spacer 
ring are shown in figure 4.4. 
The leakage of VCM was eliminated by keeping the nitrogen pressure in the sealing 
arrangement slightly above the internal pressure of the reactor. The nitrogen was introduced 
into the seal arrangement by machining a 12 mm diameter hole at 25 mm from the centre of 
the lid down to a depth of 22 mm and then boring a2 mm horizontal hole through to the 
agitator shaft. This horizontal hole leads into the gap created by the spacer ring between the 
lip seals. When the nitrogen was admitted into this hole it entered the seal housing and filled 
the space-between the spacer-ring and the wall of the housing, it then passed through the 2 
mm diameter hole in the spacer-ring and entered the space inside the ring. The leakage of 
VCM from the vessel was prevented because of the confinement of the nitrogen by the 
agitator shaft and the two lip seals. The lip-seal locking bush provided the required 
compression to make good seals while the Viton o-ring protected the seals against the metal of 
the stainless steel bush. 
7- The Agitator. The agitator was made from 316 stainless steel. It was a flat 6 blade turbine 
type mounted on a 12 mm by 81 mm long shaft. Figure 4.5 shows the changes in diameter of 
this shaft. The end sections (above and below the shaft portion exposed to the reactor 
mixture) act as supports and are fitted inside bearings. These bearings are made from stainless 
steel and are a dry running open ball type measuring 16 mm O. D., 8 mm I. D. x4 mm. This 
type of design is necessary to keep the agitator in a vertical position all the time and avoid 
vibration. The bottom section which is 8 mm diameter x4 mm allows the shaft to sit tightly 
in 
the bearing. The latter is plugged in a hole machined in a disc of 316 stainless steel measuring 
4-6 
. Chapter 4. Experimental Apparatus. 
'd' 
d" 
0 
2 
w 
U 
0 
Z 
Q) 
L 
r- LL 
N 
r- 
c--' 
N 
4-7 
O) 
(0 le- 
Chapter 4. Experimental Apparatus. 
SCHEMATIC DIAGRAM OF THE AGITATOR. 
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60 mm diameter by 4.5 mm. This disc is fitted in a matching recess in the base of the reactor. 
The diameter of the shaft passing through the top bearing is reduced to 8 mm and then to 
7.9 mm to be accommodated inside the sealing mechanism. The upper part of the shaft from 
the sealing mechanism to the top of the lid (7 mm x 75 mm) is coupled to the drive shaft. 
3.3 THE OPTICAL CELL 
One of the main requirements of the research project was to operate an optical microscope 
system to study the behaviour of the dispersed phase before and during the polymerisation 
process. The system used consisted of an external microscope cell. This system was chosen 
because the dispersion was stabilised using a suspending agent so the sampling will not disturb 
the droplets or change their properties. This system met the following requirements 
(Davidson, J. A. (1975)): - 
" It must safely withstand the operating pressure (12 bar). 
" It should be capable of being used with a conventional microscope without causing undue 
encumbrance. 
" The liquid layer inside the cell should be quite thin (because we are dealing with liquid- 
liquid and solid-liquid dispersions). 
" It should be easy to clean. 
" It must be chemically inert to VCM. 
" The sample size must be small so it will not affect the reactor contents greatly. 
Figure 4.6 shows the optical cell. It consists mainly of a 316 stainless steel body, a threaded 
316 stainless steel locking bush and a viewing window. 
1- The Stainless Steel Body. The stainless steel body was machined from a piece of 316 
stainless steel (80 mm x 40 mm x 20 mm). A 13 mm hole was machined in the centre of the 
body from the bottom, this went up to a depth of 17 mm. This hole housed the viewing 
windows and locking bush. A second tapered hole was machined from the top and was cut 
down until it met the bottom hole. Inlet and outlet holes were machined (3 mm diameter with 
the tapered end reaching the viewing chamber) horizontally into the viewing chamber at 7.5 
mm from the top. 
Both sides of the main body were connected to stainless steel ON/OFF valves via stainless 
steel pipes (3 mm I. D. ). 
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2- The Locking Bush. A special threaded locking bush (Male nut) with a7 mm hole through 
the centre was machined from a 316 stainless steel rod (24 mm diameter x 22 mm) and used to 
tighten the viewing window and seal the opening. 
3- The Viewing Window. The viewing window chamber consisted of two sapphire windows 
(12.5 mm diameter x 1.6 nun) which were spaced using a PTFE washer with 2 holes in it 
horizontally to allow entry and egress of the sample. The depth of the sampling chamber can 
be changed by changing the thickness of this washer. Sapphire windows were chosen because 
of their properties. (Extreme surface hardness, chemically inert, easy to clean without 
scratching and capable of withstanding high pressures). A thin top window was nescessary to 
reduce the gap between the drops in the optical cell and the objective lens of the misroscope. 
The breaking strength of transparent vitreous silica windows of various diameters (D1) may be 
calculated using the following formula (from leaflet supplied by Viteosil and Spectrosil 
pressure windows). 
DV-P 
168 
[4.11 
Where: - t- The Thickness in mm. 
D- The aperture diameter in mm. 
P- The pressure in KNm-2. 
This formula includes a safety factor of 10. As sapphire has a breaking strength which is at 
least 5 times that of silica windows the latter formula may be used as follows: - 
t= 
840 
(4.21 
Joins 
Arez 
t 
\ 
Figure 4.7 - Diagram showing the optical window. 
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Thus for a sapphire window with a thickness of 1.6 nun the bursting pressure is above 368 bar 
when the window diameter is 12.6 mm. The latter window was tested successfully for 
pressures up to 400 bar (well above the working pressure of 10 bar). 
The top window was cemented inside the hole in the main body, while the bottom window 
was cemented to the top of the locking bush. The sealant used was a silicone rubber material 
(Silastic 738 RTV adhesive/sealant) which was applied to the pre-cleaned stainless steel 
surfaces in a uniform thickness of approximately 0.5 mm and pressed slightly using the 
sapphire windows, then left to dry at room temperature for 48 hours. The internal PTFE 
washer spacer was then inserted between the two windows and the cell was assembled by 
tightening the locking bush. Despite all the precautions taken in designing the cell, eye 
protection was always worn when handling pressurised equipment. 
4.4 THE REFLUX SYSTEM 
The reactor was fitted with a condenser and sight glass to allow reflux conditions to be 
established when these are required. This consisted of an 80 cm long stainless steel pipe of 
about 8 mm internal diameter, a cooling water jacket and a viewing window. The system was 
connected to the reactor by two ON/OFF valves, one at each end. This allowed the reflux 
arrangement to be isolated when not in use as well as enabling the monomer to be stored in the 
viewing chamber rather than being returned to the reactor. 
4.4.1 THE COOLING SYSTEM 
The condenser's water jacket was made from 40 mm diameter brass pipe and was about 15 cm 
long. The condenser was operated using a thermostatically controlled water bath which 
allowed the rate of reflux to be controlled by changing the temperature of the condenser unit. 
4.4.2 THE VIEWING WINDOW 
In order to measure the rate of reflux a conical stainless steel device was fitted under the 
condenser unit inside the viewing window (figure 4.8). It was machined from 316 stainless 
steel rod (30 mm diameter x 32.5 mm). A hole of 1.3 mm diameter was drilled in the bottom 
of the cone to allow uniform droplets of VCM to return to the reaction vessel. A second hole 
was drilled in the side of the cone (4 mm diameter) with an angle of about 60° in order to 
eliminate any pressure differences between the sides of the cup (due to differences in 
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temperature). The whole arrangement was fitted to the lower pipe of the condenser using a 
locking screw. 
The reflux rate was measured by counting the number of drops coming from the condenser per 
unit time. The volume of the drops was determined using a calibration method (45 drops 
VCM/ml). On the top left hand side of the viewing window an ON/OFF venting valve (4 mm 
internal diameter) was mounted. This was used to prevent any build up of nitrogen at the top 
of the heated pipe which may decrease and eventually inhibit the reflux rate. 
The viewing window was provided by E. V. C. U. K. Ltd. It is a stainless steel doubled 
windowed pressure cell having an capacity of 0.5 litres and a viewing area of 75 mm diameter. 
It can withstand a working pressure up to 25 bars. Each window was mounted on the 
stainless steel body using 6 stainless steel bolts. The diameter of the bottom pipe connected to 
the viewing window was reduced to 4 mm using a PTFE pipe (8 mm O. D., 4 mm I. D. ) in 
order to prevent VCM vapours coming into the window from the condensation side of the 
reflux system. The reflux rate was controlled using a certain amount of nitrogen (added to the 
reactor). A few experiments were performed to determine the best experimental conditions to 
be used. The reactor's lid as well as the stainless steel pipe leading to the condenser were 
covered with a heating tape in order to keep them at a temperature above the reaction 
temperature so that the condensation did not occur on the lid or in the pipe leading to the 
condenser. 
4.5 OTHER HARDWARE 
The reactor temperature was controlled using a thermostatically controlled water bath for 
circulating water through the reactor jacket. To remove the heat of polymerisation a water 
tap was also connected to the jacket for cooling purposes. 
The vessel holding the monomer is connected to an intermediate charging vessel which holds 
400 ml. There was also a second intermediate charging vessel above the reactor to allow two 
stage addition of the monomer if this was desired. 
There were two nitrogen supplies. One was used for purging, pressurising the reactor and 
charging the monomer, the other was used to provide the back pressure in the sealing 
mechanism. 
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5.1 PRESSURE TESTS 
Before any mixing simulations or reactions were performed all apparatus was pressure tested. 
Leaks were located using a soap solution. 
Once all joints had been sealed the equipment (reactor, optical cell, reflux arrangement and all 
associated pipework) was tested up to a pressure of 12 bar to determine if there was any 
leakage. This was done by filling the reactor with water (1 litre) and then pressurising using 
the nitrogen cylinder. The agitator was then switched on to 500 rpm and the nitrogen 
regulator turned off. The system was then left for six hours which is the maximum time 
necessary for the polymerisation of vinyl chloride to see if there was any decrease in the 
pressure. The same experiment was then repeated using hot water at 55°C. 
This pressure test procedure was repeated after any modifications had been made to the 
equipment. 
A single pressure test at 12 bar using hot water at 55°C was performed regularly at 3 monthly 
intervals or after any period when the apparatus had not been in use for a period of more than 
1 month. 
5.2 GENERAL EXPERIMENTAL PROCEDURE 
This section contains the general procedure for operation of the equipment. What is described 
in this section (section 5.2) is the "standard procedure". Any modifications that were made to 
this procedure for particular experiments are documented in later sections. 
5.2.1 PREPARATION 
Initially the water bath that supplies the heating water to the reactor jacket was turned on and 
allowed to warm up. Two different rates of reactor heat up were used, if a standard heat up 
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was required the water bath was set to 55°C (the operating temperature) and if a rapid heat up 
was required the water bath was set to approximately 90°C (the maximum obtainable 
temperature). 
The suspension stabilisers (PVA's) were mixed with the continuous phase (distilled water) and 
this was charged directly to the reactor. The reactor lid was then fitted using 16 3/8" bolts. 
The PVA's were made up as concentrated solutions as described in section 5.3 and the desired 
amount was carefully measured into the continuous phase. 
The initiator was dissolved in a small amount of methylene chloride (CH2CI2) and this was 
added to the intermediate charging vessel. This was done by removing the top valve from this 
vessel and adding the initiator through the opening. 
The charging vessel to hold the VCM was disconnected from the apparatus and taken outside. 
This was connected to the large stainless steel storage cylinder containing the VCM using a 
flexible hose. A second flexible hose was used to connect the smaller cylinder to a vacuum 
pump. The cylinder and both hoses were then evacuated. The vacuum pump was then 
disconnected and that side of the cylinder was sealed. The cylinder was then placed on a 
balance and the approximate mass of VCM could be decanted off from the large storage 
cylinder. The cylinders were then sealed and the hose disconnected whilst wearing breathing 
apparatus as the hose was still full of VCM. The charging vessel was then returned to the 
laboratory and connected to the experimental apparatus. 
5.2.2 PURGING AND CHARGING 
The reactor was then sealed except for the gas bleed line and the impeller was started. The 
apparatus was then purged with nitrogen. If the reactor was to be run under reflux conditions 
then the two valves that isolate the reflux condenser are opened so that the condenser can be 
purged with nitrogen. The water bath supplying the water to the condenser is also turned on 
as is the heated cable surrounding the pipework that is connected to the condenser. If the 
reactor is to be run without reflux conditions then the valves isolating the reflux apparatus 
from the reactor are closed and the heated cable is placed on the reactor lid to prevent reflux 
occurring by condensation of the VCM vapour on the inside of the reactor lid. Despite this 
precaution to prevent reflux occurring off the reactor lid it is believed that some refluxing of 
the monomer did occur. 
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Once purging was complete the gas bleed line was then sealed. The impeller was switched on 
and allowed to run for 10 minutes to ensure the PVA was properly dispersed before a sample 
of the aqueous phase was taken prior to the reaction. 
The VCM was then transferred into the intermediate charging vessel which contains the 
initiator. This was done by pressurising the vessel containing the VCM to 6 bar and then 
allowing this pressure to force the monomer into the intermediate charging vessel where it 
mixed with the initiator. 
The pressure in the intermediate charging vessel was then increased to 8 bar and the monomer 
was slowly charged to the reactor, at the same time the pressure balance to the viton seal was 
increased as the pressure inside the reactor increased. Once the monomer has been charged 
the reactor pressure is increased to 10 bar as was the balance pressure in the sealing 
arrangement. The reactor was then sealed. 
5.2.3 OPERATION 
Once the reactor had been charged it was allowed to stand for 15 minutes with the impeller 
running to allow sufficient time for the suspension to be formed. Once this 15 minute mixing 
period was over the valve connecting the water bath to the jacket is opened and the reaction 
was initiated thermally by heating the reactor to 55°C (the operating temperature). If a rapid 
heat up was used ice was then added to the water bath to bring the temperature of the bath 
down to the operating temperature and the thermostat on the bath is reset to this temperature 
(this was not necessary for the standard heat up procedure). During the operating period the 
flow of water to the reactor jacket needed to be constantly regulated. Initially warm water 
from the water bath was used to keep the operating temperature at 55°C. As the 
polymerisation starts the exothermic reaction started to produce its own heat and the need for 
heating was reduced. When the polymerisation was under way ice was added to the water 
bath to cool it further and the water bath now acted as a cooling mechanism to remove the 
heat of polymerisation. As the polymerisation entered the fmal stages most of the VCM has 
been converted to PVC and as the rate of reaction falls warm water was again used to 
maintain the temperature. Although the temperature of the water bath fluctuated this method 
of temperature control kept the temperature of the reacting system to within ±0.2°C of the 
desired operating temperature (55°C). 
If the reactor is being operated under reflux conditions the flow of water to the condenser also 
needed to be regulated to control the rate of reflux. 
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Sampling can occur at any time during the operating procedure that is required up to 1 hour, 
after this time the taking of samples into the optical cell tended to result in blockage of the 
entry and exit ports from the cell so sampling was limited to the first hour of operation. The 
procedure for taking samples is described below (section 5.2.4). 
5.2.4 SAMPLING 
To avoid there being a difference in pressure between the reactor and the optical cell and in 
order to prevent breakage of the drops during the sampling process it was necessary to 
complete the following procedure. 
Firstly the optical cell was filled with distilled water before each sampling. " The valve between 
the reactor and the optical cell was then opened slowly to equalise the pressure between the 
reactor and the cell. The sample was admitted to the cell by slowly opening the valve on the 
opposite side of the optical cell until a steady flow was achieved, this valve was then closed 
once the sample was in the cell and the valve connecting the cell to the reactor is also closed. 
Once the sample has been allowed to settle it could be observed with a BIOLAM microscope 
or photographed by attaching a PRACTICA camera to the microscope. 
Once the sample has been viewed the valve leading from the optical cell to the waste vessel 
was rapidly opened. The sudden drop in pressure caused the vinyl chloride to flash off. The 
cell was then washed through with distilled water to remove any traces of the previous sample 
before another sample was taken. The valve was opened rapidly so the vinyl chloride flashed 
off and the rapid expansion flushed any solids which might have settled out of the cell. 
In order to obtain a sufficiently large number of drops to be statistically significant (300-500) 
several samples were taken for each experiment. 
5.2.5 DISCHARGING AND CLEANING 
Once the reaction was complete the water from the heating bath was turned off and the 
reactor was cooled using water from the tap. After 10 minutes the reactor was slowly de- 
pressurised through the gas bleed line and at the same time the back pressure to the viton seal 
was reduced, this de-pressurisation process took 3 hours Once the reactor was de-pressurised 
it was purged with nitrogen to remove the VCM vapour. It was then left for a further 15 
minutes with the cooling water running and the impeller on when it was again purged with 
nitrogen to remove any residual VCM vapour. The cooling water and impeller were then 
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turned off and the reactor was left overnight for any final traces of VCM to disengage from 
the aqueous phase. 
The following day the reactor was again purged with nitrogen and then opened so the product 
could be recovered and a sample of the aqueous phase was again taken. 
The reactor was washed with distilled water and was then cleaned with THE 
(Tetrahydrofuran) to dissolve any PVC residues which might remain, particular care was taken 
to clean the line leading to the pressure gauge and bursting disc and the charging port which 
tended to become blocked. The reactor was then again washed with distilled water to remove 
any traces of THE 
5.2.6 TREATMENT OF THE PRODUCT 
Once the polymer has been recovered from the reactor it was filtered, washed and then dried 
under atmospheric conditions for several days. Once this had been done the polymer was 
weighed to determine the minimum polymer recovery and then stored for further analysis at a 
later time. 
5.3 PREPARATION OF THE SUSPENDING AGENT SOLUTION 
The concentrated suspending agent solution was prepared as follows: - 
" The required suspending agent (PVA) was weighed into a 250 ml volumetric flask. The 
amount of PVA used was enough to make a 2% w/w solution once it was fully dissolved. 
For the primary PVA's which are supplied as white crystalline solids this was 5g and for 
the secondary PVA's 12 g was used. (The secondary PVA's were supplied as a 40% w/w 
methanolic solution. ) 
" Approximately 50 ml of distilled water was added and the solution was violently agitated 
with a magnetic stirrer. 
" More water was added slowly until the volume has been to make up to 250 ml. This 
happened over the course of about 1 hour. 
" The mixture was strongly agitated for a further 1-2 hours until the PVA appeared to be 
completely dispersed (this time depended on the type of PVA used). 
" The PVA's were then left to stand overnight to dissolve fully. The PVA's tend to form 
gel-like particles which are difficult to see and the best method to ensure that these 
dissolve fully was to wait for sufficient time. Other methods such as heating and continued 
agitation were tried but seemed to have little effect on the time required. 
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" The PVA's were then heated slowly to approximately 30°C and kept at that temperature 
for 3 hours with stirring. 
" The PVA were then allowed to cool to room temperature with the stirring maintained. 
" After approximately 1 hour the PVA solution was filtered using a laboratory filter paper 
and stored in a flask at room temperature. 
The concentrated PVA solutions (approximately 2% w/w) were used within 3 weeks of 
preparation and were agitated strongly prior to use each time. 
5.4 AIR MONITORING AND VENTING OF THE REACTOR 
In view of the carcinogenic nature of vinyl chloride monomer (VCM) it was necessary to 
monitor the concentration of VCM in air around the reactor during the experiment and whilst 
the VCM was vented at the end of the reaction. 
The exposure level in the workplace must not exceed 5 ppm (Lewis, R. J. (1990) and Carson, 
P. A. and Mumford, C. J. (1994)). It was decided to set the maximum exposure level at 3 ppm. 
5.4.1 AIR MONITORING DURING THE EXPERIMENT 
Vinyl chloride vapour can be detected using a Drager pump together with a suitable Drager 
tube (Drager tube vinyl chloride 1/a). The detector is a hand operated bellows style pump 
(specifications given by manufacturer (Drager 1986)). It is a single valved pump which is 
closed as the gas sample is sucked in and opens again on squeezing the bellows, the tube is 
attached to an opening in the pump head. 
The Drager tube recommended for our tests is "Vinyl chloride 1/a" which has a standard range 
of detection (at 20°C and 760 mm Hg) of 1 to 10 ppm VCM (with 5 strokes) and 5 to 50 ppm 
(with 20 strokes). The VCM concentration in the air is then determined as follows: - 
" Draw the air sample through the tube with the corresponding number of strokes. 
" In the presence of vinyl chloride the white layer in the tube (initial colour of the tube) turns 
to a pale yellow/orange colour over a varying length depending on the concentration of 
VCM in the air. 
From the tests conducted the VCM level was less than 1 ppm (VCM was not detected). 
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5.4.2. AIR MONITORING DURING VENTING 
At the end of each experiment the excess vinyl chloride was vented slowly from the reactor via 
the venting valve. The slow release of the excess vinyl chloride had to be monitored to 
determine the concentration of vinyl chloride in the workplace near the extractor area (the 
fume cupboard in our case). 
The maximum quantity of vinyl chloride which would need to be vented was estimated to be 
100g (the total amount of VCM charged to the reactor for a polymerisation experiment). This 
means the number of moles of VCM would be 100/62.5=1.6mol of VCM. If we assume the 
vented VCM will immediately equilibrate to STP then the volume of this VCM gas will be 
VolumeVCM=1.6molx22.41dm3/mol=35.86dm3=35.86x10-3m3 of VCM gas. In order to 
maintain the concentration of VCM gas below the maximum permissible level of CVCM=5 
ppm the following relationship must always be maintained: - 
> 
VVCM 
5.1 
CVCM xE 
Where E is the extractors flow rate (in m3/min). Therefore for a gas flow rate of 44.4m3/min 
(0.74 m/sec over a1 m2 area which was that determined experimentally for the fume 
cupboard) the necessary venting time will be: - 
35.86 x 10-3 
5x 10-6x 44.4 mutes 
5.2 
Therefore t=161.5 giving a venting time of 162 minutes. As a result a venting time of 180 
minutes (3 hours) was chosen for the venting of the VCM. 
5.5 UV/VIS DETERMINATION OF PVA CONCENTRATION IN 
SOLUTIONS. 
The general principle of this method is that in the presence of boric acid PVA's will form green 
complexes with iodine (Tadros, T. F. (1974)). These complexes absorb light in the range of 
650-690rim (see figure 5.1). By measuring the absorbance against an iodine/boric acid 
background it is possible to measure PVA concentrations as low as 0.002%. 
The stock solutions required for the test were prepared as follows: - 
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Figure 5.1 - Absorbance spectrum for PVABoric Acid complex. 
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A) Boric acid solution: - 
40g of boric acid were dissolved in 1000 ml of distilled water (it is essential to ensure that all 
the solid is dissolved). 
B) Iodine solution: - 
12.7 g of iodine were dissolved in a concentrated solution of 25g of potassium iodine in 
distilled water, then diluted to 1000 ml with distilled water (some iodine may remain 
undissolved). 
The preparation of the samples for UV/VIS test was performed as follows: - 
1) The blank to be used as the background: - 
2 ml of distilled water was added to 10 ml of boric acid solution followed by 0.1 ml of the 
stock iodine solution (using a micro pipette). This gives rise to a yellow solution. The 
UV/VIS cells should be washed using this solution. 
2) The PVA solution samples: - 
2 ml of the PVA solution to be analysed was added to 10 ml of boric acid solution, this was 
followed by 0.1 ml of the stock iodine solution. This gave rise to a green complex. The 
intensity of the latter complex depends on the concentration of PVA in the solution. For the 
more concentrated PVA solutions the complex may appear towards the blue end of the 
spectrum. 
By measuring the adsorption (ordinate) of the sample, the concentration of PVA in the sample 
can be determined from the standard calibration curve (absorbance versus concentration of 
PVA) as shown in figure 5.2. 
5.6 DROP SIZE MEASUREMENTS 
As well as taking photographs of the droplet suspensions a graticule was also photographed 
under the same magnification in order to obtain a scale for the images. 
Once the experiments were complete the photographs of the droplet suspensions and 
polymerising particles from the optical cell were developed. The measurements of the drop 
sizes and the resulting drop size distribution were determined using the following method: - 
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" The image of the graticule was projected onto an opal screen and carefully measured to 
obtain a scale for the projected images. 
" The image of the droplet suspension was then projected onto the opal screen. 100 drops 
were measured from each of three images which were taken to ensure a representative 
sample was obtained. Each drop is marked on the back of the screen with a dry marker as 
it was measured to ensure that the same drop is not measured twice. 
" Drops below 5µm were not measured. The reason for this is that the experimental error 
involved in measuring any particular drop was estimated to be ±1µm and below 5µm it 
was deemed unwise to attempt measurement due to the error involved. (Drops below 5µm 
diameter were very rare. ) 
300 drops was chosen as this was small enough to be a manageable number to measure 
manually but a large enough number to give a reasonable drop size distribution. 
5.7 PARTICLE SIZE MEASUREMENTS 
Particle size distributions were obtained by taking a sample of the filtered, washed and dried 
product and dispersing it in an aqueous solution using a small amount of surfactant (Brij 35 - 
Supplied by Fisher Scientific UK). The sample was then agitated with a sonic probe for 30 
seconds before analysing the particle size distribution with a Coulter LS 130 laser counter. 
When the particle size distribution was determined, agglomerates that were not broken up 
during dispersion process were counted and sized as single particles. 
5.8 POROSITY MEASUREMENTS 
The porosity was obtained by using a sample of the product that was filtered, washed and 
dried. The porosity was then measured using nitrogen adsorption/desorption techniques on a 
Micrometrics ASAP2000 porosimeter which measured the volume of pores between 17A and 
3000A in diameter. 
5.9 SPECIFIC EXPERIMENTAL PROCEDURE 
This section details any changes that were made to the standard operating procedure outlined 
in section 5.2 for specific experiments. 
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5.9.1 SIMULATION EXPERIMENTS 
The first series of experiments was carried out using an "inert" hydrocarbon (toluene) as a 
dispersed phase. The use of a simulated monomer allowed several functions to be performed. 
These were: - 
" To gain experience of operating the experimental apparatus under reaction conditions 
without the hazards presented by the presence of VCM. 
" To determine the best methods for the sampling procedure and to practice the sampling 
and photographic procedures for samples taken from the reactor at different time intervals. 
" To study the variation of drop size distributions under different operating parameters. The 
two main parameters that were investigated were the choice of suspension stabiliser and 
the agitation speed. 
The aqueous (continuous) phase consisted of distilled water containing a certain amount of 
suspension stabiliser (PVA) and the organic (dispersed) phase consisted of toluene 
(C6H5CH3)" 
With this system it was not necessary to operate the reactor under pressure except for creating 
a pressure gradient for the purpose of actually charging the reagents and sampling the reactor 
contents. The decision was taken to operate at a reduced pressure of 5 bar rather than the 10 
bar usually used for the polymerisation of vinyl chloride but in all other respects the toluene 
was treated in the same manner as the vinyl chloride in order to gain experience of operating 
the reactor under polymerisation conditions. 
It was decided to perform three mixing simulations and each one was carried out over a range 
of different agitation speeds. 
The PVA's that were chosen for this work were the two primary suspension stabilisers 
(Alcotex 72.5 and KH17). A third experiment was performed using a mixture of 50% w/w 
Alcotex 72.5 and 50% w/w KH 17. 
The following operating conditions were the same for all simulations: - 
Water 0.9 litres 
Toluene 0.1 litres 
Pressure 5 bar 
Temperature 55°C 
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The impeller speeds that were chosen were 250,500 and 750 RPM. The mixture was agitated 
for 30 minutes at each mixing speed before samples were taken in order to allow time for the 
new drop size distribution to become established. Once this had been done the impeller speed 
was reduced to 250 RPM again to study the effect this would have on the drop size 
distribution. 
The suspension stabilisers that were used were the primary suspension stabilisers (PVA's). 
The following recipes were used: - 
Simulation 1 0.02% w/w KH17 based on the aqueous phase. 
Simulation 2 0.02% w/w Alcotex 72.5 based on the aqueous phase. 
Simulation 3 0.01% w/w KH17 and 0.01% w/w Alcotex 72.5 based on the aqueous phase. 
5.9.2 MIXING EXPERIMENTS USING VCM 
A series of mixing experiments was carried out using VCM. The operating conditions used 
for these experiments were: - 
Water 0.9 litres 
VCM 0.1 litres 
Pressure 10 bar 
Temperature 55°C 
The impeller speeds that were chosen were 250,500 and 750 RPM. The mixture was agitated 
for 60 minutes at each mixing speed. Samples were taken at 30 and 60 minute intervals in 
order to study the development of the new drop size distribution at each mixing speed. Once 
this was done the impeller speed was reduced to 250 RPM to study the effect this would have 
on the drop size distribution. 
The PVA recipes that were chosen for these experiments were similar to those used in the 
previous work using toluene as a simulated monomer. The PVA concentration was increased 
to that which would later be used in the polymerisation experiments. In addition a further 
simulation was performed using a recipe comprising of a primary and a secondary suspension 
stabiliser. 
Mixing Experiment 1 0.06% w/w KH17 based on the aqueous phase. 
Mixing Experiment 2 0.06% w/w Alcotex 72.5 based on the aqueous phase. 
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Mixing Experiment 3 0.03% w/w KH17 and 0.03% w/w Alcotex 72.5 based on the aqueous 
phase. 
Mixing Experiment 4 0.03% w/w KH17 and 0.03% w/w S404W based on the aqueous phase. 
5.9.3 EFFECT OF STABILISER ON POLYMERISING 
SYSTEMS 
The aim of this section of the project was to study the effect that the choice of suspension 
stabiliser had on both the droplet suspension and the final polymer product. A series of 
polymerisation experiments was performed using different combinations of primary and 
secondary suspension stabilisers (PVA's). 
The operating procedure was that described in section 5.2 without any modifications and all 
experiments were performed without reflux. The following operating conditions were kept 
constant throughout all the experiments. These were: - 
Water 1.0 litre 
Vinyl Chloride 0.1 litres 
Initiator 0.175 g 
Pressure 10 bar 
Temperature 55°C 
Impeller Speed 350 RPM 
Polymerisation Time 3.5 hours 
The PVA's that were used in this work were Alcotex 72.5, KH17, S404W and S415WB. 
Alcotex 72.5 and KH17 are primary suspension stabilisers and S404W and S415WB are 
secondary suspension stabilisers. (See section 6.4 in chapter 6 for a description of the PVA's. ) 
It was decided to perform three sets of experiments. In the first set the primary PVA's were 
used alone to study the effects of the primary suspension stabilisers in isolation. In the second 
set of experiments the primary suspension stabilisers were combined with the secondary 
stabilisers (giving 4 possible combinations) whilst keeping the overall weight' % of PVA 
constant. In the third set of experiments the PVA concentration was varied to try and simulate 
the operating conditions experienced in industry. This presented some difficulty as commercial 
plants operate near a 50% phase ratio of VCM to water rather than the 10% used in the 
laboratory apparatus so the PVA concentrations had to be adjusted accordingly. 
Details of all the PVA recipes used in the different experiments are given in table 5.1. 
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Experiment Primary PVA % w/w Secondary PVA % w/w 
S1E1 Alcotex 72.5 0.06 None None 
S 1E2 KH17 0.06 None None 
S2E1 Alcotex 72.5 0.03 S404W 0.03 
S2E2 Alcotex 72.5 0.03 S415WB 0.03 
S2E3 KH17 0.03 S404W 0.03 
S2E4 KH 17 0.03 S415WB 0.03 
S3E1 Alcotex 72.5 0.025 S404W 0.035 
S3E2 Alcotex 72.5 0.025 S415WB 0.035 
S3E3 KH 17 0.025 S404W 0.07 
S3E4 KH17 0.025 S415WB 0.07 
Table 5.1 - PVA recipes for polymerisation experiments. 
5.9.3.1 EFFECT OF POLYMERISATION TIME 
The second series of experiments (S2E1 to S2E4) was repeated using a polymerisation time of 
1 hour. The aim of these experiments was to study a partially polymerised system and see if 
any differences in the polymerised product produced in the previous experiments occurred in 
the early or latter stages of the reaction. 
5.9.4 SCOUTING EXPERIMENTS 
Once the studies concerned with the effect of the stabiliser were complete it was decided to 
perform a series of "scouting" experiments to study the effect of several other variables on the 
polymerising system. The idea of these was to obtain an overview of how different factors 
effected the polymerisation process in the minimum number of experiments. 
The recipe that was used was the same as that detailed in section 5.9.3 and the PVA recipe 
which was used throughout this work was the recipe using 0.03%w/w KH17 and 0.03% w/w 
S404W as this recipe has been shown to produce the narrowest drop size distribution (section 
7.3.2.1 and figure 7.15). 
It was decided that the effects of the following variables would be studied: - 
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0 Reactor Heat Up Rate. 
" pH. 
" Oxygen Concentration. 
Charging Sequence: - 
Location of secondary PVA (Aqueous or organic phase). 
" Delaying the addition of the primary PVA. 
" Simultaneous charging of both phases to the reactor. 
Once the six factors had been decided upon, E. V. C. U. K. Ltd. used specialist software to 
compare methods for determining the best experimental plan. An experimental plan generated 
by the ECHIP experimental design method and required 12 experiments with 4 repeats. Other 
design software was also used. The simplest design which was produced was with a simple 
Taguchi type design method (Matrix Filename DA485a) (Davies, O. L. (1978)) with 6 
variables and required 8 experiments. The next most complex design (Matrix Filename 
WEBB208) (Webb, S. R. (1971)) required 10 experiments with 2 repeats but allows for 
interaction between the different variables. A more complex matrix (Matrix Filename 
AMAN2314) (Addleman, S. (1962)) was also used which allowed for three levels of the first 
three variables, this required 16 experiments. 
It was decided to use the experimental plan from the WEBB208 design method as it is 
possible that there will interaction between the different variables (pH and Oxygen for 
example) and it is sensible to allow for this in the experimental plan. The experimental plan is 
shown below in table 5.2. 
Experiment Variable 
A B C D E F 
1 -1 -1 -1 -1 1 1 
2 -1 -1 -1 1 -1 -1 
3 -1 -1 1 -1 -1 -1 
4 -1 1 -1 -1 -1 -1 
5 -1 1 1 1 1 1 
6 1 -1 -1 -1 -1 1 
7 1 -1 1 1 1 1 
8 1 1 -1 1 1 1 
9 1 1 1 -1 1 -1 
10 1 1 1 1 -1 -1 
Table 5.2 - Experimental design matrix from WEBB208 design method. 
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The 6 variables represent the six factors and the values (-1 and 1) represent the possible states 
for the variables. The variables are detailed in table 5.3. 
Variable Description Value Description Value Description 
A Heat Up Rate -1 Normal 1 Rapid 
B pH -1 4 1 10 
C Oxygen Concentration -1 Normal 1 5m 
D Addition of Secondary PVA -1 Aqueous I Organic 
E Addition of Primary PVA -1 Aqueous I Delayed 
F Simultaneous Charge -1 No 1 Yes 
Table 5.3 - Variable description for WEBB208 experimental design. 
Two of the variables in this experimental plan are mutually exclusive, these are variables E and 
F (Delayed addition of the primary PVA and simultaneous charging of the reactor are not 
possible), this means experiments 1,5,7 and 8 cannot be performed. 
For the investigation of pH an additional experiment was added to the series. An experiment 
was performed at high pH but with no other changes, this experiment was not in the initial 
experimental plan. 
Firstly a standard experiment needed to be performed. This experiment was a base experiment 
and had factors -1,?; 1; 1, -1, -1. The ? represents a neutral (non manipulated) pH. 
Secondly an experiment was performed where the heat up rate was as fast as possible. This 
experiment had factors of This experiment was also in addition to those 
created in the initial experimental plan. 
Next, two experiments were, performed with the pH at 4 and 10. These experiments had 
factors as follows: - 
-1, -1, -1, -1, -1, -1 pH 4 
pH 10 -1,1, -1, -1, -1, -1 (Exp. 4) 
An experiment with added oxygen was then performed: - 
-1, -1,1, -1, -1, -1 (Exp. 3) 
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Having studied the basic effects it was feasible to start changing the location of the PVA. 
Placing the secondary PVA in the organic phase. 
-1, -1, -1,1, -1, -1 (Exp. 2) 
The other experiments were: - 
1, -1, -1, -1, -1,1 (Exp. 6) Simultaneous charge and rapid heat up. 
(Exp. 9) 
(Exp. 10) 
5.9.4.1 INITIAL EXPERIMENTS 
Initially an experiment was performed without any manipulation to obtain a standard against 
which other experiments could be compared, this experiment was performed using the general 
experimental procedure described in section 5.2 without any modifications. 
5.9.4.2 REACTOR HEAT UP RATE 
The procedure for rapid heat up is noted under section 5.2 (general experimental procedure). 
5.9.4.3 pH CHANGES 
For the experiments at low and high pH (pH 4 and pH 10) the pH was manipulated by adding 
a 1M standard solution (HCl for pH 4 or NaOH for pH 10) to the aqueous phase. The 
aqueous phase was tested with a pH probe and meter (PHILLIPS PW 9418 meter with probe 
type no. php-100-150p, serial no. 53024/85) until the desired pH was achieved. 
5.9.4.4 OXYGEN CONCENTRATION 
Calculations of the amount of oxygen present in the reactor showed that as much as 700 ppm 
of 02 could be present in the reactor in "normal" experiments. This is from 2 sources. There 
is a pipe connecting the monomer charge vessel to the reactor that cannot be purged (because 
it would feed the initiator to the reactor) and the oxygen remaining in the monomer charge 
vessel which is purged by a cyclical pressurising and purging method. The experiment with 
"added" oxygen was performed without purging the monomer charge vessel in order to "add" 
oxygen to the reaction mixture. This resulted in about 1 part in 100 of 02 in the reactor. 
5-18 
Chapter 5. Experimental Methods. 
5.9.4.5 LOCATION OF SECONDARY PVA (AQUEOUS OR 
ORGANIC PHASE). 
The secondary PVA is usually located in the aqueous phase. Addition of the secondary PVA 
to the monomer was performed by mixing the secondary PVA with 100 ml of water and 
adding the aqueous suspension to the monomer precharge vessel At the same time the volume 
of the aqueous phase charged to the reactor was reduced to 900 ml to allow for the extra 
volume which was charged later. 
It is not possible to add the secondary PVA directly to the monomer as it is supplied as a 40% 
w/w aqueous suspension. Attempts to mix this suspension with methylene chloride produced 
a highly viscous white paste which would block the feed lines to the reactor if it were to enter 
them. Methylene chloride was used to add the initiator to the monomer charge vessel so the 
PVA could not be added without dispersing it in the aqueous phase first due to the risk of 
blockage. It is also doubtful if this secondary PVA suspension would mix with the VCM, it 
would probably be left fouling the walls of the monomer charge vessel. 
5.9.4.6 DELAYING THE ADDITION OF THE PRIMARY PVA. 
Delayed addition of the primary PVA was performed by mixing the primary PVA with 100 ml 
of water and placing this in the secondary charging vessel located on the reactor lid, the 
volume of the aqueous phase charged directly to the reactor is reduced to 900 ml to allow for 
the extra volume which was charged later. 
When the monomer was added to the reactor the reactor was then pressurised to 9 bar rather 
than the full operating pressure of 10 bar. Once the mixing period was over the secondary 
PVA was charged by opening the valve from the secondary charging vessel and completing 
the pressurisation of the vessel to force the aqueous phase containing the primary PVA into 
the reactor. 
5.9.4.7 SIMULTANEOUS CHARGING OF BOTH PHASES TO 
THE REACTOR. 
It was not possible to charge fully both phases to the reactor simultaneously due to the volume 
of the charging vessels. Simultaneous charging was simulated by charging the organic phase 
in the normal way but both the primary and secondary PVA's were mixed with 100 ml of 
water and placed in the secondary charging vessel located on the reactor lid, the volume of the 
aqueous phase charged directly to the reactor is reduced to 900 ml to allow for the extra 
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volume which was charged later. The organic phase and the aqueous PVA solution were then 
charged simultaneously to the reactor. 
5.9.5 FURTHER INVESTIGATIONS INTO THE EFFECTS OF 
pH 
For these further experiments investigating the effects of pH on the reaction (pH 4 and pH 10) 
the pH was manipulated adding by 10 ml of a 1M standard solution (HCl for pH 4 or NaOH 
for pH 10) to the aqueous phase. The decision to use this method rather than trying to adjust 
the initial pH precisely was made because the pH falls throughout the course of the reaction so 
knowing the concentration of H+ or OH- ions initially added is more useful that knowing the 
initial pH precisely. In all other respects the recipe was the same as that detailed in section 
5.9.3. It was decided to perform three sets of experiments. One adding acid to the reactor, 
one without manipulating the pH and one adding alkali to the reactor. Experiments were 
performed at 30,60,120 and 210 minute intervals to study the effects of time on the 
polymerising system. Apart from the manipulation of the pH the experimental procedure was 
the same as that detailed in section 5.2. It was decided that rapid heat up of the reactor should 
be used so that the effective polymerisation time would be known more precisely. This was 
particularly important for the experiments to be performed for 30 minutes where a change of a 
few minutes on the length of the induction period would be a significant percentage of the 
overall polymerisation time. The experiments performed are shown in table 5.4. 
Experimental Conditions. Acid/Alkali Added. 
pH 4,30 Minutes 10 ml 1M HCI 
H 4,60 Minutes 10 ml 1M HC1 
H 4,120 Minutes 10 ml 1M HC1 
H 4,210 Minutes 10 ml 1M HC1 
H 7,30 Minutes None 
pH 7,60 Minutes None 
pH 7,120 Minutes None 
pH 7,210 Minutes None 
pH 10,30 Minutes 10 ml 1M NaOH 
H 10,60 Minutes 10 ml 1M NaOH 
pH 10,120 Minutes 10 ml 1M NaOH 
H 10,210 Minutes 10 ml 1M NaOH 
Table 5.4 - Experimental conditions for experiments to be performed at low and high pH. 
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Following discoveries made in these experiments, further experiments were carried out where 
the concentration of the acid or alkali was gradually reduced. For these experiments exactly 
the same recipe and experimental procedure was used as in the previous work with the 
exceptions to the concentrations of acid or alkali which are shown in table 5.5. 
Experimental Conditions. Acid/Alkali Added. 
Low pH, 60 Minutes 5 ml 1M HC1 
Low pH, 60 Minutes 2.5 ml 1M HC1 
High pH, 60 Minutes 2.5 ml 1M NaOH 
Table 5.5 - Experimental conditions for further experiments to be performed at low and high 
pH. 
5.9.6 EFFECT OF PHASE RATIO ON THE POLYMERISING 
SYSTEM 
Work so far has used a dispersed phase ratio of 10% which is considerably less that the 40- 
50% typically used in industry. A few experiments were performed at high phase ratio. The 
product obtained from the laboratory reactor showed considerably less agglomeration than 
that produced from an industrial plant but this may be due to the relatively "clean" nature of 
the system usually studied in the laboratory reactor. The operating procedure for these 
experiments was the same as that detailed in section 5.2 and used rapid heat up of the reactor. 
Due to the increased amount of monomer in the reactor the following changes were made to 
the recipe (table 5.6). 
Phase Ratio Mass of Mass of Stabilisers Initiator 
Aqueous phase Organic Phase 
20% 900g 200g 0.3g KH17 0.350g 
0.3 S404W 
30% 800g 300g 0.3g KH17 0.525g 
0.3 S404W 
40% 700g 400g 0.3g KH17 0.700g 
0.3 S404W 
Table 5.6 - Changes to standard recipe for polymerisations at high phase ratio. 
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The reduction in the mass (and therefore volume) of the aqueous phase was necessary due to 
the physical size limitations of the reactor. The initiator concentration based on the organic 
phase was kept constant at 0.175% w/w and the concentration of stabiliser was kept constant. 
This was done as the stabiliser is known to be present in excess at the start of the reaction. 
Zerfa, M. (1994) showed that increasing the overall stabiliser concentration above 0.02% w/w 
has little effect on the drop size distribution so it was decided to keep the stabiliser 
concentration constant. The suspension produced in these experiments was too dense for 
clear photographs to be obtained but a sample of the suspension was viewed in the optical cell 
prior to initiation commencing to ensure a stable suspension had been formed. 
5.10 INTERFACIAL TENSION MEASUREMENTS 
Currently very little is known about the actual PVA's that are used as suspension stabilisers 
and in this section of work interfacial tension measurements were used to try and compare 
them. 
It is already known that the choice of suspension stabiliser has a significant effect on the 
properties of the suspension. One of the main factors which affects the nature of the 
suspension is the interfacial tension between the organic and the aqueous phases and the ability 
of the suspension stabiliser to reduce this. In this section of work experiments were carried 
out to determine how the interfacial tension between the organic and aqueous phases varies 
with the type and concentration of the PVA. 
5.10.1 CHOICE OF METHOD FOR INTERFACIAL TENSION 
MEASUREMENT 
It is not possible to measure the interfacial tension between two liquids directly. It was 
decided that the best way to measure the interfacial tension was via the Japanese test method 
(details supplied by E. V. C. U. K. Ltd (E. V. C. U. K. Ltd. (1994)). In this method a fixed 
number of drops of one liquid are dropped into another and the interfacial tension can be 
calculated if the radius of the orifice, the volume of the drops and the density of the two 
liquids are known. 
Due to the practical difficulties of using VCM a model liquid was used for this section of 
work. The liquid that was chosen for the simulations was methylene chloride (CH202). 
There were two reasons for this choice. Methylene chloride has a similar structure to VCM 
but one of the main advantages that Methylene chloride has in this work is that it has a density 
greater than that of water. Work carried out by Courtis, A. (Unpublished) at E. V. C. 's 
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Research and Technical department in Runcorn has shown that methylene chloride acts as 
quite a good model for the behaviour of VCM. 
The experimental apparatus is shown in figure 5.3. A burette was used to contain the test 
liquid (methylene chloride) and a small beaker was placed under the burette to contain the 
other liquid (PVA solution). The burette tap was of the "grease free" type and a sintered glass 
disc was used to filter the liquid when the burette was filled to keep dust out and prevent the 
orifice from becoming fouled or blocked. The orifice was protected to prevent it from 
becoming fouled or damaged when the apparatus was not in use. 
The PVA solutions were prepared in exactly the same way as for the polymerisations, this 
preparation has already been discussed in section 5.3. 
5.10.2 CHOICE OF RECIPES (PVA's) 
The PVA's used in this work were the same as those which have been studied in previous 
work, these are the primary PVA's Alcotex 72.5 and KH17 and the secondary PVA's S404W 
and S415WB. 
Initially each PVA was studied individually. The concentrations that were used in these 
studies are 0.025% w/w, 0.05% w/w, 0.1% w/w and 0.2% w/w based on the aqueous phase 
As well as performing experiments using each PVA individually, experiments were also 
performed using the following recipes of primary and secondary suspension stabilisers as 
shown in table 5.7 
Primary Stabiliser Secondary Stabiliser 
Alcotex 72.5 S404W 
Alcotex 72.5 S415WB 
KH17 S404W 
KH17 S415WB 
Table 5.7 - Recipes used for interfacial tension measurements. 
For each of these four recipes three sets of experiments were performed. In the first set the 
concentration of the Primary PVA was kept constant at 0.1% w/w and the concentration of 
the secondary PVA was varied using values of 0.0% w/w, 0.025% w/w, 0.05% w/w, 
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0.1% w/w and 0.2% w/w. In the second set of experiments the concentration of the 
secondary PVA was kept constant at 0.1% w/w and the concentration of the primary PVA 
was varied as in the first set of experiments. For the third set of experiments the overall 
concentration of PVA was kept constant at 0.2% w/w but the relative ratio's of the two PVA's 
were varied. The ratios were: - 
Primary PVA (% w/w) 0.0 0.025 0.5 0.1 0.15 0.175 0.2 
Secondary PVA (% w/w) 0.2 0.175 0.15 0.1 0.05 0.025 0.0 
Table 5.8 - PVA concentrations for surface tension measurements when the overall PVA 
concentration is kept constant. 
5.10.3 EXPERIMENTAL PROCEDURE 
All experiments were performed on a vibration free bench and were carried out at a 
temperature of 20°C. Firstly all of the experimental apparatus was thoroughly cleaned using 
Decon 90. The burette was washed with the test liquid before it was filled, only about 10 ml 
of the test liquid was placed in the burette in order to keep the liquid head small as the theory 
assumes that the pressure due to the liquid head is negligible. The beaker contained a freshly 
prepared PVA solution. The test liquid was allowed to drop from the orifice at the bottom of 
the burette at a rate of about 1 drop/sec and the volume of 100 drops (specifically counted) 
was determined. Once this had been done the beaker and the end of the burette are carefully 
cleaned to prevent wetting of the orifice. Each experiment was repeated 5 times in order to 
obtain an average result and minimise the effect of experimental errors in any particular run. 
From this information it was possible to calculate the interfacial tension as shown below (see 
section 5.10.5). 
5.10.4 CALIBRATION 
For calibration water can be used as the surface tension of water against air is known to be 
73.05x10'3N/m and methylene chloride against air can also be tested and should give a value 
of 26.52x10'3N/m. 
Methylene chloride dropped into water should give a value of 46.53x10-3N/m (73.05- 
26.52=46.53x 10-3N/m). 
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5.10.5 CALCULATION OF INTERFACIAL TENSION 
Theory shows that if a force balance is applied to the drop just as it falls away from the orifice 
then the weight of the drop is equal to the surface tension around the rim of the orifice. As the 
flow rate is very slow the pressure head of the liquid for filling the drop is very low and is 
considered to be negligible. 
Vpg=2icrß 5.3 
Rearranging equation 5.3 we get 
VPg 
5.4 
2nr 
Where: - 
a= Surface tension. 
V= Volume of drop. 
p= Liquid density. 
r= Radius of orifice. 
g= Acceleration due to gravity. 
This assumes that the liquid is being dropped into air. For a comparison between different 
liquids it necessary to correct by Ap so equation 5.4 becomes: - 
VOpg 5.5 
27[r 
(This correction is not necessary with air as the density of air can be considered negligible 
when compared to that of the liquid. ) 
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Materials. 
6.1 MATERIALS 
This chapter describes the physical properties of the different materials used during the 
project. The two phase system consisted of an aqueous continuous phase and an organic 
dispersed phase. 
6.2 CONTINUOUS PHASE 
The continuous phase always consisted of distilled water with suspending agent(s) added 
(partially hydrolysed poly(vinyl acetates) with different degrees of hydrolysis). The physical 
properties of distilled water are shown in table 6.1. 
Property 
Density (at 55 °C) (kg/m3) 985.7 
Viscosity (at 55 °C) (cp) 0.5040 
Refractive Index (at 50 °C) 1.3289 
Surface Tension (at 50 °C) (dyn/cm) 67.91 
Table 6.1 - Physical properties of distilled water. 
6.3 DISPERSED PHASE 
Depending on the aims and objectives of each set of experiments the dispersed phase consisted 
of one of the following systems. 
" Toluene for the mixing simulations. 
" Vinyl chloride monomer and X50 (initiator) for the polymerisation experiments. (The 
initiator is highly soluble in VCM and is predispersed in the organic phase. ) 
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The vinyl chloride monomer was supplied by E. V. C. (U. K. ) Ltd. in a large stainless steel 
storage cylinder containing approximately 30 kg of VCM when full. 
The physical properties of toluene and vinyl chloride monomer are shown in table 6.2 and 
table 6.3 respectively (Othmer, K. (1983)). 
Property 
Molecular Weight 92.14 
Freezing Point (°C) -94.965 
Boiling Point (°C) 110.692 
Density at 20°C (kg/m3) 866.7 
Viscosity at 20°C (mPa. s) 59 
Surface Tension (mN/m) 27.92 
Critical Pressure (kPa) 4109 
Critical Temperature (°C) 318.64 
Critical Volume (m3/mol) 316x104 
Table 6.2 - Physical properties of toluene. 
Property 
General Physical Properties Colourless dense gas at room temperature 
and ambient pressure. 
Molecular Weight 62.5 
Freezing Point (°C) -153.8 
Boiling Point (°C) -13.4 
Vapour Density 2.15 (Air = 1.00) 
Critical Pressure (kPa) 5600 
Critical Temperature (°C) 156.6 
Critical Volume (m3/mol) 169x10-6 
Refractive index at 15°C 1.396 
Flash point (open cup) (°C) -77.75 
Autoignition Temperature (°C) 472 
Lower flammable limit in air (% v/v) 4.0 
Upper flammable limit in air (% v/v) 22.0 
Solubility of VCM in water at 20°C (mg/kg) 1100 
Solubility of VCM in water at -15°C (mg/kg) 300 
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..... continued from previous page. 
Value at 
-40°C -20°C 0°C 
Density (k m3) 1014.4 983.4 947.1 
Viscosity (mPa. s) 0.35 0.29 0.23 
Surface Tension (mN/m) 26 23 20 
Latent Heat of Vaporisation (kJ/kg) 374 362 349 
Table 6.3 - Physical properties of vinyl chloride monomer. 
6.4 SUSPENDING AGENTS 
Partially hydrolysed poly(vinyl acetates) (PVA's) with different properties (degree of 
hydrolysis, molecular weight etc. ) were used as suspending agents. They were supplied by 
E. V. C. (U. K. ) Ltd. The properties of these suspension stabilisers is shown in table 6.4. 
Trade Name Manufacturer Degree of 
Hydrolysis 
(%) 
Molecular 
Weight (a) 
Random 
or 
Blocky (b) 
Alcotex 72.5 HARLOW Chemical Co. 71.5 to 73.5 75000 Random 
KH17 NIPPON Gohsei 78.5 to 81.5 259000 Random 
S404W (c) SIGMA Prodotti Chimici 55 to 57 23000 Random 
S415WB (c) SIGMA Prodotti Chimici 55 to 57 23000 Block 
(a) Values of molecular weight (reacetilated and measured in DMF) supplied by E. V. C. (U. K. 
Ltd. ). 
(b) This refers to the arrangement of the hydroxyl groups in the PVA molecule. The hydroxyl 
groups can be randomly distributed (random)or arranged together in groups (blocky). 
(c) These PVA's are made from the same poly(vinyl acetate) feed stock. The only difference is 
that S404W is manufactured by acid hydrolysis to give a randomly hydrolysed PVA whereas 
S415WB is manufactured by base hydrolysis to give a blocky PVA. 
Table 6.4 - Properties of the suspension stabilisers. 
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PVA's with a degree of hydrolysis greater than 70% are described as primary suspension 
stabilisers whereas those with a degree of hydrolysis below that 60% are described as 
secondary suspension stabilisers. Those with a degree of hydrolysis between 60% and 70% 
are primary/secondary suspension stabilisers. 
Shiraishi, M. (1970) demonstrated that the stabilising properties of PVA's vary between 
manufacturers and even between different batches from the same manufacturer. This is 
probably because of lack of reproducibility in polymer micro structure. For this reason 
sufficient quantities of the PVA's were obtained at the beginning of the project to last 
throughout the experimental work. The PVA's were stored in a refrigerator at 4°C to prevent 
degradation over time. 
6.5 INITIATOR 
The initiator (X50) used for the suspension polymerisation of vinyl chloride was Bis(4- 
t. butylcyclohexyl)peroxydicarbonate (trade name Perkadox 16, manufacturer: AKZO 
Chemicals Ltd. ) supplied by E. V. C. (U. K. ) Ltd. Some properties of the initiator are listed in 
table 6.5. 
Property 
Molecular Weight 398.5 
Theoretical active oxygen content (% pure peroxide) 4.01% 
Emergency Temperature (°C) +35°C 
Density 1.0 
Peroxide Content (%) 25% 
Active Oxygen Content (%) 0.99 to 1.02% 
Solubility in water (mg/kg) 25 
Half life time data tln = 13 x 10-" x el49ovr 
where t (sec) and T (K) 
Appearance White Powder 
Table 6.5 - Properties of the initiator (X50). 
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6.6 SIMULATED MONOMER FOR INTERFACIAL TENSION 
MEASUREMENTS 
Due to the practical difficulties of using VCM a model liquid was used for this section of 
work. The liquid that was chosen for the simulations was methylene chloride (CH2Cl2). The 
physical properties of methylene chloride are shown in table 6.6. 
Property 
Molecular Weight 84.92 
Freezing Point (°C) -96.7 
Boiling Point (°C) 39.8 
Density at 20°C (kg/m3) 1328.3 
Viscosity at 20°C (mPa. s) 43.7 
Surface Tension (mN/m) 28.76 
Critical Pressure (kPa) 6170 
Critical Temperature (°C) 237 
Refractive index at 15°C 1.4244 
Autoignition Temperature (°C) 605 
Lower flammable limit in air (% v/v) 12 
U flammable limit in air (% v/v) 22 
Table 6.6 - Physical properties of methylene chloride. 
b, 
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7.1 SIMULATION EXPERIMENTS 
In this series of simulation experiments toluene was used to simulate vinyl chloride because it 
has a similar density. The object of these simulation experiments was to study the effects of 
the choice of PVA and impeller speed on the drop size and drop size distribution. A simulated 
monomer was also used to detect any experimental difficulties that may arise during the use of 
vinyl chloride as the dispersed phase in the later work. 
The following experimental conditions were used for all experiments in this section of work: - 
Water 0.9 litres 
Toluene 0.1 litres 
Pressure 5 bar 
Temperature 55°C 
The impeller speeds that were chosen were 250,500 and 750 RPM. The mixture was agitated 
for. 30 minutes at each mixing speed before samples were taken in order to allow the new drop 
size distribution to be established. Once this had been done the impeller speed was reduced to 
250 RPM again to study the effect this would have on the drop size distribution. 
The suspension stabilisers that were used were the primary PVA's, the following recipes were 
used: - 
Simulation 1 0.02% w/w KH17 based on the aqueous phase. 
Simulation 2 0.02% w/w Alcotex 72.5 based on the aqueous phase. 
Simulation 3 0.01% w/w KH17 and 0.01% w/w Alcotex 72.5 based on the aqueous phase. 
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7.1.1 EFFECT OF SUSPENDING AGENT ON DROP SIZE AND 
DROP SIZE DISTRIBUTION 
The drop size and drop size distribution were determined by projecting the images obtained 
from the experiments onto an opal screen and then measuring the drop sizes manually. 
Photographs showing the drops formed from the first experiment (that using KH17 as the 
suspension stabiliser) are shown in figure 7.1. The variation of drop size distribution with 
varying agitator speed for the suspensions stabilised with KH17, Alcotex 72.5 and a mixture 
of the two PVA's are shown in figure 7.2, figure 7.3 and figure 7.4 respectively. Figures 
showing the variation of cumulative drop size distribution with different stabilisers and 
variation of the cumulative drop size with mixing speed are included in Appendix A. (Figures 
Al to A6 inclusive. ) 
Examination of the drop size distributions shows that Alcotex 72.5 gives a narrower drop size 
distribution than KH17. However examination of the graphs showing the effect of stabiliser at 
different mixing speeds in Appendix A reveals that KH17 also produces more small drops 
although at 750 RPM the effect is not noticeable to any great extent. This fact is not obvious 
from examination of the mean drop diameter (dm) and sauter mean diameter (d32) which are 
shown in table 7.1. 
Stabiliser(s) Mean Dro Diameter (µm) Sauter Mean Diameter (µm) 
250 500 750 250 500 750 
KH17 65 27 24 134 68 41 
Alcotex 72.5 77 38 21 98 46 37 
KH17 and Alcotex 72.5 73 24 21 138 42 46 
Table, 7.1 - Calculation of the mean drop diameter (dm) and sauter mean diameter (d32) for a 
toluene suspension using different stabilisers at varying mixing speeds. 
One of values in this table is worth a particular mention. The apparent increase in sauter mean 
diameter from 500 RPM to 750 RPM in the experiment using mixed PVA's is the result of the 
presence of one very large drop in the sample. 
Examination of the results for KH17 show that 30 minutes may not have been long enough for 
the final drop size distribution to have become fully established. This is supported by the 
sudden change in the gradient of the cumulative drop size distributions at 250 and 500 RPM 
(around 80%) when KH17 was used. (See figures Al and A2 in Appendix A respectively. ) 
. 
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Figure 7.1 - Toluene drops dispersed in distilled water, stabilised by KH 17 at 10% w/w 
toluene based on the aqueous phase after being agitated for 30 minutes at: A- 250 RPM B- 
500 RPM C- 750 RPM. 
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Drop Size Distributions. 
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Figure 7.2 - Drop size distribution for toluene drops dispersed in distilled water at varying 
mixing speeds. Stabilised by KH17. 
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Figure 7.3 - Drop size distribution for toluene drops dispersed in distilled water at varying 
mixing speeds. Stabilised by Alcotex 72.5 
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Drop Size Distributions. 
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Figure 7.4 - Drop size distribution for toluene drops dispersed in distilled water at varying 
mixing speeds. Stabilised by KH17 and Alcotex 72.5. 
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Stabilisation of the drop size distribution occurs when a dynamic equilibrium is established 
between the rate of drop breakage and the rate of drop coalescence. In the initial instance the 
average drop size falls with time as the breakage mechanism dominates and then the drop size 
distribution stabilises and the equilibrium between breakage and coalescence is established. 
Zerfa, M. (1994) reported that in the presence of Alcotex 72.5 the equilibrium appeared to 
have established after 30 minutes which is comparatively longer than the values cited in the 
literature for other liquid-liquid systems (a few minutes). It was shown by Nilson, H. et. al. 
(1985) that the interfacial tension decreases relatively slowly with time in the presence of PVA 
suspending agents. This slow decrease to the equilibrium point may explain the relatively long 
time taken by the liquid-liquid system to stabilise because the PVA molecules adsorbed at the 
interface take time to rearrange themselves and protect the droplets against coalescence. The 
molecular weight of KH17 is much greater than that of Alcotex 72.5 (259000 as opposed to 
75000) and it is believed that 30 minutes, whilst being sufficient time for the Alcotex 72.5 
molecules to rearrange as suggested by Zerfa, M. (1994), may not be sufficient time for the 
larger, more cumbersome KH17 molecules to rearrange themselves. If the suspension using 
KH17 had been left for an even longer period for the drop size distribution to establish it is 
believed that the larger droplets would have disappeared from the drop size distribution. This 
theory was later verified (see section 7.1.3) 
This indicates that the choice of suspension stabiliser may not only be influenced by the effect 
it has on the suspension but also the time it takes to achieve that effect. 
The results obtained from a mixture of the two stabilisers are interesting. At 250 RPM the 
result appears to be an average of those obtained from the two stabilisers used individually. 
This can be seen most clearly on the plot of cumulative size distribution where the line lies 
between the two plots for the individual PVA's as might be expected. However at 500 and 
750 RPM the situation is different. The mixture of stabilisers appears to exhibit the "best" 
behaviour of both of the individual stabilisers, a drop size distribution is obtained similar to 
that for KH17 giving a lot of small droplets and a narrow size distribution but without the 
occasional large drops that are observed when KH17 is used alone. 
From this observation it would appear that a combination of PVA's act as a better stabiliser 
than a single PVA used in the same concentration. It has already been suggested by 
Ormondroyd, S. (1988) that changes in degree of hydrolysis at a fixed molecular weight have 
a much greater effect than changes in the molecular weight at a fixed degree of hydrolysis. 
This indicates that molecules with a wide range in the degrees of hydrolysis are needed to 
effectively stabilise a droplet suspension. 
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7.1.2 EFFECT OF AGITATOR SPEED ON DROP SIZE AND 
DROP SIZE DISTRIBUTION 
The average drop size appears to decrease with increasing impeller speed as would be 
expected. An increase in agitation speed also seems to result in a narrowing of the drop size 
distribution. Both of these effects are more pronounced at lower mixing speeds. This is not 
surprising as break up occurs more often at higher agitation speeds as the turbulent intensity is 
greater whilst coalescence has a relatively low effect due to the presence of the suspending 
agent. 
When the data for dm and d32 Vs. agitator speed was plotted on a log-log scale (figure 7.5) 
straight lines were obtained confirming earlier theories (Section 2.4.2). The gradient of these 
graphs was calculated and is shown in table 7.2. 
Stabiliser(s) Gradient 
Mean Drop Diameter (dm) Sauter Mean Diameter (d j2) 
KH17 -0.9 -1.1 
Alcotex 72.5 -1.2 -0.9 
KH 17 and Alcotex 72.5 -1.1 -1.0 
Table 7.2 - Gradient of plots of drop diameter (dm) and Sauter mean diameter (d32) 
Vs 
agitator speed. 
The gradient of these graphs varies from -0.9 to -1.2. For a purely breakage controlled system 
the gradient=-1.2 and for a purely coalescence controlled system the gradient=-0.75 (Section 
2.4.2). Zerfa, M. (1994). reported gradients of -1.14 and -1.17 for dm and d32 respectively 
for a system stabilised with Alcotex 72.5 which are very close to the theoretical value of -1.2 
for a purely breakage controlled system. The values obtained above appear to indicate a 
system where both breakage and coalescence occur with a predominance of the breakage 
mechanism as would be expected in a stabilised system. The discrepancy in the values can 
probably be explained as Zerfa, M. (1994) was working with vinyl chloride as opposed to 
toluene. In the work by Zerfa, M. (1994) a gradient of -1.2 for the plot of dm Vs. impeller 
speed was obtained when Alcotex 72.5 was used as the suspension stabiliser. 
Reducing the mixing speed back to 250 RPM at the end of the experiment produced a very 
interesting result. Visual examination showed that the drop size distribution which had been 
obtained at 750 RPM appeared to be largely unaffected by the reduction in mixing speed 
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Figure 7.5 - Plot of dm and d32 vs. agitator speed. 
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although this fact was not recorded photographically. This indicates that the PVA molecules 
have had sufficient time to rearrange themselves on the surface of the drops and stabilise them. 
It also indicates that the system is breakage controlled as a reduction in agitation would result 
in the coalescence of unstabilised drops. This theory was verified in later work presented in 
section 7.1.3. 
7.1.3 EFFECT OF AGITATION TIME ON DROP SIZE AND 
DROP SIZE DISTRIBUTION 
A further experiment was carried out using toluene as a simulated monomer. This experiment 
was performed using KH17 as a suspension stabiliser and was identical to the earlier 
experiment using the same stabiliser. The only difference was that samples were taken at 30 
and 60 minute intervals at each mixing speed to study the effect of agitation time on the drop 
size and drop size distribution in order to test the earlier hypothesis that 30 minutes may not 
be sufficient time for the larger, more cumbersome KH17 molecules to rearrange themselves 
on the surface of the droplets and completely stabilise the suspension. In addition photographs 
were also taken at the end of the experiment when the agitation was reduced to 250 RPM 
again to gain numerical evidence for the previously empirical observation that the drop size 
and drop size distribution is largely unaffected by the reduction in mixing speed. 
The drop size distributions obtained are shown in figure 7.6 and figure 7.7. Figures showing 
the variation of cumulative drop size distribution are shown in Appendix A. The mean drop 
diameter (dm) and sauter mean diameter (d32) is shown in table 7.3. 
Time Mean Drop Diameter (µm) Sauter Mean Diameter (µm) 
250 500 750 250 250 500 750 250 
30 Minutes 60 44 48 49 84 50 56 54 
60 Minutes 47 49 47 48 81 59 51 53 
t- This result at 250 RPM was obtained by reducing the impeller speed back to 250 RPM at 
the end of the experiment once the suspension had been formed at 750 RPM. 
Table 7.3 - Calculation of mean drop diameter (dm) and sauter mean diameter (d32) at varying 
mixing speeds at different time intervals. 
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Figure 7.6 - Drop size distribution for toluene drops dispersed in distilled water at varying 
mixing speeds and times. Stabilised by KH17. 
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Drop Size Distributions. 
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Figure 7.7 - Drop size distribution for toluene drops dispersed in distilled water at varying 
mixing speeds and times. Stabilised by KH17. 
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Examination of the results at low mixing speeds shows that the trend is for the average drop 
size to decrease as mixing time is increased from 30 to 60 minutes. This supports the earlier 
theory that the large KH17 molecules take more than 30 minutes to rearrange on the drop 
surface and stabilise them. 
Comparing the average drop size and the drop size distribution at 750 RPM with that obtained 
when the impeller speed is reduced to 250 RPM at the end of the experiment shows no 
significant change in the mean drop diameter (dm) and sauter mean diameter (d32) (see table 
7.3). Examination of figure 7.7 also shows that the drop size distribution of the droplet 
suspension remains unchanged. This indicates that the system is breakage controlled as no 
coalescence has occurred and the drop size and drop size distribution has remained 
unchanged. 
The apparent increase in mean drop diameter (dm) and sauter mean diameter (d32) from 30 to 
60 minutes at 500 RPM is caused by 2 factors. The first is the presence of a few large drops 
at 60 minutes which are not present in the sample taken at 30 minutes and the second is a 
function of the data analysis and into which "bins" the drop size data falls. 
7.1.4 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.1) 
" The average drop size decreases with increasing impeller speed (this is more pronounced 
at low impeller speeds). 
" The average drop size in an established dispersion does not increase if the agitation speed 
is reduced, the old, smaller drop size is maintained. 
" The drop size distribution becomes narrower with increasing impeller speed (this is more 
pronounced at low impeller speeds). 
" The drop size distribution does not become wider if the impeller speed is reduced, the old, 
narrower drop size distribution is maintained. 
" The mechanism for drop formation appears to be breakage controlled rather than 
coalescence controlled. 
9A mixture of PVA's can act as a "better" stabiliser than a single PVA (give more uniform 
drops of a smaller size). 
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" PVA's take some time to stabilise suspensions whilst the PVA molecules rearrange at the 
water-organic interface. 
" It is though that PVA's with a lower molecular weight act faster than those with a higher 
molecular weight due to the time take for rearrangement of the molecules at the water- 
organic interface. 
7.2 MIXING EXPERIMENTS USING VCM 
A series of mixing experiments was carried out using VCM. The operating conditions used 
for these experiments were: - 
Water 0.9 litres Pressure 10 bar 
VCM 0.1 litres Temperature 55°C 
The impeller speeds that were chosen were 250,500 and 750 RPM. The mixture was agitated 
for 30 and 60 minutes at each mixing speed before samples were taken in order to allow the 
new drop size and drop size distribution to become established. 
The PVA recipes that were chosen for these experiments were similar to those used in the 
previous work using toluene as a simulated monomer. The PVA concentration was increased 
to that which would later be used in the polymerisation experiments. In addition a further 
experiment was performed using a recipe comprising of a primary and secondary suspension 
stabiliser. 
Experiment 1 0.06% w/w KH17 based on the aqueous phase. 
Experiment 2 0.06% w/w Alcotex 72.5 based on the aqueous phase. 
Experiment 3 0.03% w/w KH17 and 0.03% w/w Alcotex 72.5 based on the aqueous phase. 
Experiment 4 0.03% w/w KH17 and 0.03% w/w S404W based on the aqueous phase. 
The increase in overall PVA concentration from 0.02% w/w to 0.06% w/w based on the 
aqueous phase is designed to give the same recipes that will be used in the later polymerisation 
work. This should not have a great effect on the drop size distribution. It has already been 
shown by Zerfa, M. (1994) that changes in the overall PVA concentration above 0.02% w/w 
have a minimal effect on the mean drop size and drop size distribution (changes in the overall 
PVA concentration below 0.02% w/w have a much more significant effect). 
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7.2.1 EFFECT OF AGITATOR SPEED ON DROP SIZE AND 
DROP SIZE DISTRIBUTION 
The drop size and drop size distribution were determined by projecting the images obtained 
from the experiments and then measuring the drop sizes manually. Photographs showing the 
droplets formed for the suspension stabilised with KH17 are shown in figure 7.8. The 
variation of drop size distribution with agitator speed for the suspensions stabilised with 
KH17, Alcotex 72.5, a mixture of KH17 and Alcotex 72.5 and a mixture of KH17 and S404W 
are shown in figures 7.9,7.10,7.11 and 7.12 respectively. Figures showing the variation of 
the cumulative drop size distribution with different stabilisers and of the variation of 
cumulative drop size distribution with mixing speed are included in Appendix B. The mean 
drop diameter (dm) and sauter mean diameter (d32) are shown in table 7.4. 
Stabiliser(s) Mean Dro Diameter (µm) Sauter Mean Diameter (µm) 
250 500 750 250 500 750 
RPM RPM RPM RPM RPM RPM 
KH17 44 45 35 72 57 44 
(30 Minutes) 
KH17 40 39 33 59 48 40 
(60 Minutes) 
Alcotex 72.5 60 44 42 86 48 46 
(30 Minutes) 
Alcotex 72.5 45 45 42 53 48 45 
(60 Minutes) 
KH17 and Alcotex 72.5 38 47 44 70 52 49 
(30 Minutes) 
KH17 and Alcotex 72.5 52 48 45 69 51 49 
(60 Minutes) 
KH17 and S404W 46 41 38 51 43 41 
(30 Minutes) 
KH17 and S404W 42 38 38 47 42 43 
(60 Minutes) 
Table 7.4 - Calculation of mean drop diameter (dm) and sauter mean diameter (d32) for 
different stabilisers at varying mixing speeds after 30 and 60 minutes. 
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Figure 7.8 - VCM drops dispersed in distilled water, stabilised by KH 17 at 10% w/w VCM 
based on the aqueous phase. Photographs at: A- 250 RPM, 30 Minutes B- 250 RPM, 60 
Minutes C- 500 RPM, 30 Minutes D- 500 RPM, 60 Minutes E- 750 RPM, 30 Minutes F- 
750 RPM, 60 Minutes. 
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Figure 7.9 - Drop size distribution for VCM drops dispersed in distilled water at varying 
mixing speeds and times. Stabilised by KH17. 
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Figure 7.10 - Drop size distribution for VCM drops dispersed in distilled water at varying 
mixing speeds and times. Stabilised by Alcotex 72.5. 
7-18 
Chanter 7. Results and Discussion. 
Drop Size Distributions. 
Stabiliser - KH17 and Alcotex 72.5. 250 RPM (30 Minutes). 250 RPM (60 Minutes). 
140 
120 
100 
C 80 
60 
40 
20 
140 
120 
100 
C' 
60 
60 
40 
20 
140 
120 
IDO 
c so 
$'60 
40 
20 
--------------------- 
-------------------- 
--------------------- 
- --------------- 
----------------- 
5 25 45 65 85 105 125 145 165 185 200 
14U 
120 
100 
G 80 
N 
60 
40 
20 
0 
Drop Diameter (Microns). 
500 RPM (30 Minutes). 
---------------------- 
----------------------- 
----------------------- 
-------------- ff-1 -------------- 
5 25 45 65 
Drop Diameter (Microns). 
750 RPM (30 Minutes). 
--------------------- 
--------------------- 
--- ---------------- 
---------------- 
---------------- 
-------------- 
5 25 45 65 85 105 125 145 165 185 200 
Drop Diameter (Microns). 
140 
120 
100 
c 80 
60 
40 
20 
140 
120 
100 
'1680 
60 
40 
20 
ft 
--------------------- 
..................... 
----------------------- 
1-1 -H S 25 45 65 65 105 125 145 165 185 200 
Drop Diameter (Microns). 
500 RPM (60 Minutes). 
--- ---------------- 
... ................ 
--------------- 
------------- 5 25 45 65 85 105 125 145 165 185 200 
Drop Diameter (Microns). 
750 RPM (60 Minutes). 
---------------------- 
----------------------- 
--- ---------------- 
--- ---------------- 
--- --------------- 
--------------- 5 25 45 65 85 105 125 145 165 185 '200 
Drop Diameter (Microns). 
Figure 7.11 - Drop size distribution for VCM drops dispersed in distilled water at varying 
mixing speeds and times. Stabilised by KH17 and Alcotex 72.5. 
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Figure 7.12 - Drop size distribution for VCM drops dispersed in distilled water at varying 
mixing speeds and times. Stabilised by KH17 and S404W. 
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Examination of table 7.4 shows that the figures for the mean drop diameter and sauter mean 
diameter appear to remain fairly constant as the mixing time is increased from 30 to 60 
minutes at 500 RPM and 750 RPM although there is a good deal of variation in the figures 
obtained at 250 RPM. This suggests that the sample size may not have been large enough to 
obtain a representative sample of drops at the low mixing speed where the drops are larger and 
the drop size distribution wider. For this reason further analysis of the results will be limited 
to the results obtained at 500 and 750 RPM. 
The theory by which drops are stabilised when a dynamic equilibrium has been established 
between the rates of drop breakage and drop coalescence has already been detailed in section 
7.1.1. It was discovered in the earlier work using toluene that the large, cumbersome, KH17 
molecules take a long time to rearrange themselves on the surface of the drops and to start 
acting as an effective suspension stabiliser. This result is again confirmed by the results in 
table 7.4. Whilst all the other recipes show little change in the mean drop diameter and sauter 
mean diameter between 30 and 60 minutes mixing at each impeller speed there is a noticeable 
fall in droplet size in the case where KH17 alone is used as the suspension stabiliser. 
Examination of the graphs showing the variation of cumulative drop size distribution with 
stabiliser at different mixing speeds shows the following information. Suspensions stabilised 
with KH17 produced the most small drops but there where also a few large drops present 
which were not present in the other suspensions. Suspensions stabilised with Alcotex 72.5 
produced larger drops but there were no very large drops present as there was with KH17. 
This data is also supported by the slight increase in mean drop diameter and sauter mean 
diameter between the results obtained for KH17 and Alcotex 72.5. A mixture of KH17 and 
Alcotex 72.5 produced even larger drops although a few more smaller drops were produced 
and the very large drops were absent, this can again be seen by a slight increase in mean drop 
diameter and sauter mean diameter from the previous results. The mixture of KH17 and 
S404W is the most interesting. The mean drop size and sauter mean diameter are slightly 
lower than for the other experiments but examination of the drop size distribution shows a 
suspension with an absence of both small and large drops. This results in a very narrow drop 
size distribution with drops of a highly uniform size which is desirable as the drop size helps 
determine the qualities of the end product in a polymerisation reaction. 
In terms of the properties of the PVA's these results indicate the following. Alcotex 72.5 
(72.5% hydrolysed PVA) exhibits "good" general behaviour giving a suspension with smallish 
drops and a moderately narrow drop size distribution. KH17 (78% hydrolysed PVA) acts as a 
"poor" stabiliser giving a wide drop size distribution and large average drop size. A mixture of 
KH17 and Alcotex 72.5 is also a "poor" stabiliser for the same reasons although it does 
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prevent the formation of the very largest drops. (This last result is different from the earlier 
work in section 7.1.1 with toluene where a mixture of these two stabilisers was found to 
exhibit the best behaviour of both of the individual stabilisers alone. The formation of the very 
large drops is inhibited as in earlier work but the formation of small drops is not enhanced. ). 
Finally a mixture of KH17 and S404W (<60% hydrolysed PVA) exhibits "excellent" properties 
as a suspension stabiliser as it produces small drops of a uniform size. 
The PVA's used in this work had different degrees of hydrolysis and different molecular 
weights (see table 6.5). It has been suggested by Osmondroyd, S. (1988) that changes in the 
degree of hydrolysis at fixed molecular weight have greater effects that changes in molecular 
weight at fixed degrees of hydrolysis. Decreasing the degree of hydrolysis gives a lower 
surface tension and therefore a lower droplet size. Karsa, D. A. (1990) discovered that 
molecular weight did have some effect in work on emulsions which can be extrapolated to 
apply to suspensions as well. The higher molecular weight PVA's tend to provide better 
stabilisation of emulsions but require more energy input in the emulsion preparation, this may 
help explain the relatively long time required for KH17 to stabilise a suspension as it has a 
much higher molecular weight than the other PVA's used in this work. 
We have seen that lowering the degree of hydrolysis of the PVA stabiliser will result in'smaller 
drops being formed. However there is a compromise to be made. Osmondroyd, S. (1988) 
showed that whilst lowering the degree of hydrolysis helps the formation of small drops the 
drops also become unstable and are more likely to coalesce. 
In the formation of a suspension of VCM both PVA's with a low degree of hydrolysis and 
PVA's with a high degree of hydrolysis have an important role to play. Those with a low 
degree of hydrolysis help lower the surface tension and produce smaller drops whilst those 
with a high degree of hydrolysis help produce more stable drops. 
7.2.2 EFFECT OF AGITATOR SPEED ON DROP SIZE AND 
DROP SIZE DISTRIBUTION 
Examination of the results in table 7.4 shows that the average drop size decreases with 
increasing agitator speed, the drop size distribution also narrows with increasing agitator 
speed. Both of these results are as expected and the theory concerning the turbulent intensity 
is discussed in section 7.1.2. 
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Visual observation revealed that reducing the agitator speed at the end of the experiments to 
250 RPM did not produce any visible increase in the mean drop size or drop size distribution. 
This also agrees with the results obtained in sections 7.1.2 and 7.1.3. 
7.2.3 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.2) 
" The average drop size decreases with increasing impeller speed (this is more pronounced 
at low impeller speeds). (This confirms the earlier results from subsections of 7.1). 
" The average drop size in an established dispersion does not increase if the agitation speed 
is reduced, the old, smaller drop size is maintained. (This confirms the earlier results from 
subsections of 7.1). 
" The drop size distribution becomes narrower with increasing impeller speed (this is more 
pronounced at low impeller speeds). (This confirms the earlier results from subsections of 
7.1). 
" The drop size distribution does not become wider if the impeller speed is reduced, the old, 
narrower drop size distribution is maintained. (This confirms the earlier results from 
subsections of 7.1). 
9 PVA's take some time to stabilise suspensions whilst the PVA molecules rearrange at the 
water-organic interface, this is most noticeable with KH 17. 
" It is thought that PVA's with a lower molecular weight act faster than those with a higher 
molecular weight due to the time take for rearrangement of the molecules at the water- 
organic interface. 
" PVA's with a lower degree of hydrolysis act as "better" suspension stabilisers than those 
with a higher degree of hydrolysis. This means they produce smaller drops of a more 
uniform size due to lowering the interfacial tension between the two phases. 
" PVA's with a lower degree of hydrolysis also produce more unstable suspensions so the 
"best" suspension stabiliser is a mixture of PVA's with a low molecular weight and a high 
degree of hydrolysis which gives stable drops of uniform size. 
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7.3 EFFECT OF SUSPENSION STABILISER ON 
POLYMERISING SYSTEMS 
The aim of this section of the project was to study the effect that the choice of suspension 
stabiliser had on both the droplet suspension and the final polymer product. A series of 
polymerisation experiments was performed using different combinations of PVA's as primary 
and secondary suspension stabilisers. 
The operating procedure was that described in section 5.2 without any modifications and all 
experiments were performed without reflux. The following operating conditions were kept 
constant throughout all the experiments. 
Water 1.0 litre 
Vinyl Chloride 0.1 litres 
Initiator 0.175 g 
Pressure 10 bar 
Temperature 55°C 
Impeller Speed 350 RPM 
Polymerisation Time 3.5 hours 
The PVA's that were used in this work were Alcotex 72.5, KH17, S404W and S415WB. 
Alcotex 72.5 and KH17 are primary suspension stabilisers and S404W and S415WB are 
secondary suspension stabilisers. 
Three series of experiments were performed. 
7.3.1 EFFECT OF PRIMARY SUSPENSION STABILISERS ON 
POLYMERISING SYSTEMS 
In the first set the primary PVA's were used individually to study the effects they had on 
polymerising systems 'alone. The recipes that were used are shown in table 7.5. 
Experiment Primary PVA % w/w Secondary PVA % w/w 
S 1E1 Alcotex 72.5 0.06 None None 
S1 E2 KH17 0.06 None None 
The % w/w stabiliser shown in table 7.5 is based on the aqueous phase. 
Table 7.5 - Recipes for polymerisations using primary PVA's. 
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7.3.1.1 EFFECT ON DROP SIZE AND DROP SIZE 
DISTRIBUTION 
The drop size distribution was determined by projecting the images onto an opal screen and 
measuring the drops manually, the drop size distributions obtained are shown in figure 7.13 
and a cumulative drop size distribution is included in Appendix C. The mean drop diameter 
(dm) and sauter mean diameter (d32) are shown in table 7.6. 
Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (µm) 
S1E1 47 63 
S1E2 91 121 
Table 7.6 - Mean drop diameter (dm)and sauter mean diameter (d32) after 15 minutes 
agitation at 350 RPM. 
These results differ from those'shown in table 7.4 due to the different impeller speed (350 
RPM) and the shorter mixing time. In the earlier work (sections 7.1.1 and 7.2.1) the mean 
drop diameter and sauter mean diameter were obtained at 30 and 60 minutes of agitation 
whereas the values for mean drop diameter and sauter mean diameter presented above (table 
7.6) were obtained from samples taken after a 15 minute agitation period after the addition of 
the monomer and immediately prior to the reactor heat up commencing to initiate the 
polymerisation. 
The average drop size is smaller in the case where Alcotex 72.5 is used as opposed to KH17. 
It is noticeable that the larger droplets observed when KH17 was used in earlier work 
(sections 7.1.1 and 7.2.1) are present in much higher numbers in this case. Comparison of the 
results with those in table 7.4 where VCM was used show values that might be expected for 
Alcotex 72.5 but the values obtained for KH17 are much larger than might be expected. This 
can be explained by the fact that the drop size distributions shown here were taken after 15 
minutes of mixing before the reactor heat up commenced where as the values shown in table 
7.4 were obtained after 30 and 60 minutes. After 15 minutes the drop size distribution in the 
presence of KH17 had not yet established itself. This is because the larger KH17 molecules 
take longer to arrange themselves on the droplet surface and protect the droplets against 
coalescence and this explains the larger drop sizes compared to those obtained in the earlier 
work where the mixing time was longer. 
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Figure 7.13 - Drop size distributions for VCM drops stabilised with primary suspension 
stabilisers prior to polymerisation. 
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This high percentage of larger drops can be explained by the time required for a dynamic 
equilibrium to be established between the rate of drop breakage and the rate of drop 
coalescence. In the initial instance the drop size distribution falls with time as the breakage 
mechanism dominates and then the drop size distribution stabilises and the equilibrium 
between breakage and coalescence is established. Zerfa, M. (1994) reported that in the 
presence of Alcotex 72.5 the equilibrium appeared to have established after 30 minutes which 
is comparatively longer than the values cited in the literature for other liquid-liquid systems (a 
few minutes). Examination of the results using a simulated monomer (toluene) in section 7.1.3 
showed that the time take for the dynamic equilibrium to be established in the presence of 
KH17 is between 30 and 60 minutes. 
7.3.1.2 EFFECT ON PARTICLE SIZE AND PARTICLE SIZE 
DISTRIBUTION 
Plots showing the particle size distribution are presented in Appendix D (figures D1 and D2). 
The plots of the particle size distributions show good correlation with those from the drop size 
distributions. Experiment S1E1 shows a peak at 80µm for both the drop and particle size 
distribution (see figure 7.13 and figure D1 respectively) and experiment S1 E2 shows a peak at 
75µm for the particle size distribution (see figure D2) This is little lower than that for the 
drop size distribution (115µm) (see figure 7.13) but that is to be expected given the additional 
mixing time for drop breakage after the drop size distribution has been measured. (This is the 
time available after reactor heat up commences but before the reaction initiates and the 
pericellular membrane forms). 
It would also be expected that the particles are slightly smaller than the drops from which they 
are formed as the density of VCM is much lower than that of PVC (0.8 as opposed to 1.4). 
KH17 appears to give a slightly narrower particle size distribution than Alcotex 72.5 which 
indicates that there are fewer agglomerates present, visual examination of the sample showed 
some agglomeration of the particles in both cases. 
7.3.1.3 EFFECT ON PARTICLE APPEARANCE 
Electron micrographs of the particles produced in experiments S1E1 and S1 E2 are shown in 
figure 7.14. Experiment S1E1 produced particles that appeared to be roughly spherical in 
shape. There is fair degree of spread in the size range of the particles. The surface of the 
particles appeared to consist of the classic ridge and trough structure formed by the collapse of 
a polymerising droplet as shown by Davidson, J. A. and Witenhafer, B. F. (1980), Smallwood. 
P. V. (1986) and Smallwood P. V. (1989) amongst others. There were only a few small 
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Figure 7.14 - Photographs of PVC particles from experiments using primary suspension 
stabilisers. Photographs showing particles from: A-S1E1B-S1 E2. 
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particles on the surface of the larger ones. Experiment S1E2 produced particles that appeared 
to have slightly narrower particle size distribution amongst the individual particles and there 
also appears to be less agglomeration present than in experiment S1E1. Both of these 
observations are confirmed by examination of the particle size distributions in appendix D 
(figures D1 and D2). The particles were roughly spherical and looked like they had been 
formed from a collapsed sphere showing ridges and troughs. There appeared to be a large 
amount of very small material stuck to the surface of the particles giving them a "fuzzy" 
appearance with a less well defined outline than those produced in experiment Si E 1. 
These small particles could come from three sources. They could be produced by emulsion 
polymerisation occurring alongside the suspension process. These very small particles (and 
the drops from which they were produced) would not be visible on the photographs taken of 
the droplet suspensions. Using an optical microscope it is generally possible to see drops 
down to about 1µm although the relatively dense sample may have obscured them from view. 
In addition any drops below 5µm were ignored from the drop size distribution (see section 5.6 
for an explanation of why). Drops this small were very rare. 
Another possible source for the small particles is via reflux from the reactor lid. Monomer 
droplets containing primary particles could evaporate. The monomer will condense on the 
reactor lid and reflux back into the reactor and the primary particles will be "dumped" into the 
aqueous phase. The lid of the reactor was heated with an electric cable to try and prevent this 
but it is doubtful if this was completely successful as the reactor lid is quite think (205 mm) 
and acts as a massive heat sink. It is also possible that these small particles could be formed 
via aqueous phase polymerisation. Davidson, J. A. and Witenhafer, B. F. (1980) showed that 
the polymer particles formed by aqueous phase polymerisation are approximately 0.2µm in 
diameter. These particles would be so small that they cannot account for the particles 
observed in this work and would probably be lost during the filtration process. In addition the 
particle sizing technique does not go below 0.5µm so these particles would not be detected 
during particle sizing. The volume fraction of these particles would be so low that it can be 
considered to be negligible in any case. 
It is important to note that the presence of the small grains is overlooked by many workers. 
As a result of this it is possible that effects which can be attributed to the presence of small 
grains (mainly agglomeration) may be incorrectly attributed to other factors instead. Where 
photographs are published the small grains can often be seen adhering to the surface of the 
larger ones but their presence is not noted, the only worker who mentions them is Smallwood, 
P. V. (1986) and Smallwood, P. V. (1989). 
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7.3.1.4 EFFECT ON PVA TAKE UP 
A sample of the aqueous phase was analysed before and after the reaction to measure the 
concentration of PVA present. The results are shown in table 7.7. The figures shown are 
weight percentages based on the aqueous phase. 
Experiment. PVA Analysed PVA Analysed PVA Taken up by 
Before Reaction. After Reaction. Polymerisation. 
(% w/w). (% w/w). (% w/w). 
S1E1 0.06 0.005 0.055 
S1 E2 0.10 0.003 0.097 
Table 7.7 - PVA concentration in the aqueous phase before and after polymerisation for 
suspensions stabilised with primary PVA's. 
As can be seen from table 7.7 the quantity of PVA present before the reaction in experiment 
S1E2 was greater than that intended from the recipe. This implies incomplete mixing of the 
PVA before the monomer was added to the reactor resulting in a PVA rich sample of the 
aqueous phase being taken. The consequences of this on the actual reaction will be minimal as 
there is a 15 minute mixing period where the droplet suspension is formed prior to the 
initiation of the polymerisation by heating and the PVA will have become properly dispersed in 
this time. The amounts of PVA remaining after the reaction are small in both cases with most 
of the PVA being taken up by the polymerising phase at some point during the reaction. 
7.3.1.5 EFFECT ON PARTICLE POROSITY 
The particle porosity was measured by nitrogen adsorption/desorption and the results are 
presented in table 7.8. 
Experiment Adsorption Volume (cc/ g). Desorption Volume (cc/ g). 
S1E1 Too low to measure. Too low to measure. 
S1E2 0.001580 0.013933 
Table 7.8 - Particle porosity for PVC samples from experiments stabilised with primary 
suspension stabilisers. 
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Table 7.8 shows the porosity of the polymer product from experiments S1E1 and S1 E2. The 
polymer from experiment S1E1 had a very low porosity and it was not possible to obtain a 
reproducible result from the nitrogen adsorption/desorption technique used. 
7.3.2 EFFECT OF SECONDARY SUSPENSION STABILISERS 
ON POLYMERISING SYSTEMS 
In the second series of experiments the primary suspension stabilisers were combined with the 
secondary stabilisers (giving 4 possible combinations) whilst keeping the overall weight % of 
PVA constant. The recipes that were used are shown in table 7.9. 
Experiment Primary PVA % w/w Secondary PVA % w/w 
S2E1 Alcotex 72.5 0.03 S404W 0.03 
S2E2 Alcotex 72.5 0.03 S415WB 0.03 
S2E3 KH17 0.03 S404W 0.03 
S2E4 KH17 0.03 S415WB 0.03 
The % w/w stabiliser shown in table 7.9 is based on the aqueous phase. 
Table 7.9 - Recipes for polymerisations using primary and secondary PVA's. 
7.3.2.1 EFFECT ON DROP SIZE AND DROP SIZE 
DISTRIBUTION 
The drop size distribution was determined by projecting the images onto an opal screen and 
measuring the drops manually, the drop size distributions obtained are shown in figure 7.15 
and a cumulative drop size distribution is included in Appendix C. The mean drop diameter 
(dm) and sauter mean diameter (d32) are shown in table 7.10. 
Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (m) 
S2E1 47 64 
S2E2 55 61 
S2E3 44 48 
S2E4 52 58 
Table 7.10 - Mean drop diameter (dm) and sauter mean diameter (d32) after 15 minutes 
agitation at 350 RPM. 
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Figure 7.15 - Drop size distributions for VCM drops stabilised with primary and secondary 
suspension stabilisers prior to polymerisation. 
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The mean drop sizes are in the region that would be expected. The only values that can 
actually be compared to previous results are those for S2E3, the experiment using KH17 and 
S404W. Comparison of the mean drop sizes obtained here at 350 RPM with those obtained 
earlier at 250 RPM and 500 RPM for the same recipe (table 7.4) show that the values obtained 
here lie between the earlier results as would be expected. 
Examination of the cumulative drop size distributions shows that the plots using S415WB as 
the secondary suspension stabiliser lie close together. A similar result would therefore be 
expected for the plots using S404W as the secondary suspension stabiliser but this is not the 
case. Osmondroyd, S. (1988) showed that, for a single PVA, the optimum degree of 
hydrolysis to achieve good drop size control was 72.5%. Therefore a suspension using 
Alcotex 72.5 would be expected to exhibit good dispersion properties which does not appear 
to be the case in experiment S2E1. This, combined with the observation concerning the 
similarity of the plots using S415WB as the secondary stabiliser indicates a possible error in 
the results for experiment S2E1 thus giving a larger drop size than would otherwise be 
expected (this proposal is later confirmed in section 7.3.4.1) 
If we assume that experiment S2E1 gives a larger then expected drop size and drop size 
distribution than would be expected then examination of the results shows that using S404W 
as a secondary stabiliser gives more smaller drops than the corresponding experiments using 
S415WB. In other words a randomly hydrolysed secondary PVA gives more small drops than 
a blockily hydrolysed one. Extending this assumption to cover the primary PVA's would 
indicate that KH17 has a more random structure than Alcotex 72.5 as KH17 has been shown 
to give more smaller drops (section 7.1.1). This result does not tend to show in the overall 
values for mean drop diameter (dm) and sauter mean diameter (d32) due to the presence of 
large drops when KH17 is used. The existence of these large drops has already been explained 
in terms of the time required for the PVA molecules to rearrange themselves on the surface of 
the drops. 
The "best" recipe (the one which produced the smallest drop with the narrowest size 
distribution) appears to be S2E3 (KH17 and S404W). This recipe appears to use the most 
randomly hydrolysed PVA's indicating that randomly hydrolysed PVA's give better drop size 
control. 
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7.3.2.2 EFFECT ON PARTICLE SIZE AND PARTICLE SIZE 
DISTRIBUTION 
Photographs showing the formation of the particles during the polymerisations are shown in 
figures 7.16 to 7.19 inclusive. Plots showing the particle size distribution are presented in 
Appendix D (see figures D3 to D6 inclusive). 
All the particle size distributions are bi-modal. Comparing the drop size distributions with the 
particle size distributions (figure 7.15 and figures D3 to D6 respectively) shows that there is an 
initial peak in the particle size distributions at approximately 60µm. This corresponds with the 
drop size distributions which show a peak around 55-65µm and these particles are formed 
from single polymerising drops. There is a second peak in the particle size distributions at 
approximately 300µm which is caused by the formation of agglomerates. 
Experiment S2E1 produced particles that are roughly spherical in appearance. The size of the 
particles appear to be slightly smaller than in S1E1 and S1E2 and they are definitely of a more 
uniform size. There is noticeable agglomeration in the sample with groups of three or four 
particles being common. There are also much larger agglomerates which contain a large 
number of particles. 
Experiment S2E2 produced particles that appear to be of a relatively uniform size. The 
particles appear similar to those in the case where pure Alcotex was used (Experiment S 1E1), 
there is little agglomeration of the particles, most are present individually although there are a 
few agglomerates containing 4-6 particles. 
In Experiment S2E3 many of the particles are present singly but there are agglomerates 
containing 2-4 particles present as well as some larger agglomerates containing many particles. 
Experiment S2E4 produced particles similar to those in S2E3 although there appeared to be 
less of the very large agglomerates present. 
In general the particles from these experiments appear to be smaller and of a more uniform 
size than those produced in SIE1 and S1E2. This would be expected as the initial droplet 
suspension from which the particles were formed also contained smaller drops of a more 
uniform size. This highlights the importance of understanding how the choice of suspension 
stabiliser effects the initial droplet suspension because the initial drop size and drop size 
distribution is maintained through the polymerisation process and affects the particle size and 
particle size distribution of the polymer product. 
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Figure 7.16 - Photographs showing the progress of VCM polymerisation for a suspension 
stabilised with Alcotex 72.5 and S404W. Polymerisation after: A-0 Minutes B- 10 Minutes 
C- 20 Minutes D- 30 Minutes E- 40 Minutes F- 60 Minutes. 
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Figure 7.17 - Photographs showing the progress of VCM polymerisation for a suspension 
stabilised with Alcotex 72.5 and S415WB. Polymerisation after: A-0 Minutes B- 10 
Minutes C- 20 Minutes D- 30 Minutes E- 40 Minutes F- 60 Minutes. 
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Figure 7.18 - Photographs showing the progress of VCM polymerisation for a suspension 
stabilised with KH17 and S404W. Polymerisation after: A-0 Minutes B- 10 Minutes C- 
20 Minutes D- 30 Minutes E- 40 Minutes F- 60 Minutes. 
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Figure 7.19 - Photographs showing the progress of VCM polymerisation for a suspension 
stabilised with KH 17 and S415WB. Polymerisation after: A-0 Minutes B- 10 Minutes C- 
20 Minutes D- 30 Minutes E- 40 Minutes F- 60 Minutes. 
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Closer examination of the photographs in figures 7.16 to 7.19 also shows some interesting 
results. In the experiments using Alcotex 72.5 (S2E1 and S2E2 shown in figures 7.16 and 
7.17) large clear drops can be seen appearing in the suspension after 10 minutes has passed 
(this is much more noticeable in experiment S2E1 than in S2E2), similar drops are not seen in 
experiments S2E3 and S2E4. Conversely experiments S2E3 and S2E4 show a much greater 
degree of uniformity in the polymer concentration between the different drops. 
The non uniformity of the polymer in experiments S2E1 and S2E2 gives the clue as to what is 
happening. As the initiator is pre-dispersed in the monomer all the drops must originally have 
contained initiator. However the clear drops can't contain initiator or they would contain 
visible amounts of polymer by this stage in the reaction therefore these drops must have been 
formed at a later time. The only possible source of initiator free drops is via reflux from the 
reactor lid (which would have the effect of "distilling" the monomer) thus removing the 
initiator (and any polymer which had formed). This would explain where the small particles 
that are seen in the reactor came from, they are formed by the reflux of monomer off the 
reactor lid which dumps the primary polymer particles in the aqueous phase as was suggested 
in section 7.3.1.3 despite attempts to heat the reactor lid to prevent this. 
If these clear drops are formed by reflux from the reactor lid then reflux must also be 
occurring in experiments S2E3 and S2E4 but the clear drops are not observed. The reason for 
this lies in the choice of suspension stabiliser. In experiments S2E1 and S2E2 Alcotex 72.5 
was used as the primary stabiliser whereas in experiments S2E3 and S2E4 KH17 was used as 
the primary stabiliser. KH17 is already known to take a considerable time to stabilise drops 
(section 7.1.1 and 7.2.1). In the case where Alcotex is the primary stabiliser returning drops 
are stabilised before they have time coalesce with the drops already in the reactor. In the case 
where KH17 is used these drops are not stabilised so quickly so they have had a chance to 
coalesce with other drops in the reactor and gain initiator through mixing with other drops that 
still contain initiator ensuring uniform polymerisation between the droplets. 
7.3.2.3 EFFECT ON PARTICLE APPEARANCE 
Electron micrographs of the particles produced in experiments S2E1 to S2E4 are shown in 
figure 7.20. 
In experiment S2E 1 the particle shape and surface were difficult to examine due to the amount 
of material on the surface. It is believed that under the small particles on the surface there is a 
core particle similar to that observed in the earlier experiments (a collapsed sphere with a 
smooth, ridged surface). The image shows large agglomerates which tend to dominate and 
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Figure 7.20 - Photographs of PVC particles from experiments using primary and secondary 
suspension stabilisers Photographs showing particles from: A- S2E1 B- S2E2 C- S2E3 D 
- S2E4. 
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obscure the smaller particles lying beneath them, the amount of small material makes 
identification of the individual particles in the agglomerates difficult. 
In experiment S2E2 there was only a minimal amount of small material on the surface of the 
larger particles and the particles again appear to be collapsed spheres with a relatively smooth 
surface. Some agglomeration was observed. 
In experiment S2E3 the particles appeared to have the form of collapsed spheres. 
Examination of the surface of the particle itself was not possible as the surface was coated 
with small particles which almost completely obscured it. From the overall shape of the 
particle is it suspected that removal of these small particles or "fuzz" would reveal a central 
particle with the appearance of those seen previously. 
In experiment S2E4 the particles showed a low to moderate number of smaller particles 
adhering to the surface of the larger ones. 
The possible origins of these small particles has already been discusses in section 7.3.1.3. 
KH17 produces particles with a lot more material stuck to the surface than Alcotex 72.5. This 
implies that the amount of small material depends on the choice of suspension stabiliser, it is 
therefore likely that this material is formed by emulsion polymerisation occurring alongside the 
suspension process (we already know that KH17 produces more small drops than Alcotex 
72.5 from section 7.3.2.1 and is thus more likely to be able to stabilise the small droplets 
present in emulsion polymerisation). 
It has already been proposed that reflux is occurring off the reactor lid (see section 7.3.2.2) 
and this will dump small material into the aqueous phase. If we assume this is the case then 
the small material is being formed by two separate mechanisms, emulsion polymerisation 
occurring alongside the suspension process and deposition of small material into the aqueous 
phase by evaporation and reflux from the reactor lid (although the lid was heated in an attempt 
to prevent this). 
There is also a correlation between the amount of material stuck to the particle surface and the 
degree of agglomeration. As the degree of material stuck to the particle surface increases 
agglomerates are more likely to be formed. 
The conclusions that can be drawn from this work are that using KH17 as a primary 
suspension stabiliser (experiments S2E3 and S2E4) produces particles with more small 
material stuck to the surface than the equivalent experiments using Alcotex 72.5 as a primary 
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suspension stabiliser (experiments S2E1 and S2E2). Using a blocky secondary PVA 
(experiments S2E2 and S2E4) produces a product with a smoother surface than the equivalent 
experiments using a randomly hydrolysed secondary PVA (experiments S2131 and S2E3 
respectively). This again indicates that Alcotex 72.5 has a blockier structure than KH17 as 
blockiness causes the formation of smoother particles and those produced using Alcotex 72.5 
have a smoother surface than those produced using KH 17. 
It is important to note that the presence of the small grains is overlooked by many workers (as 
has already been noted in section 7.3.1.3). As a result of this it is possible that effects which 
can be attributed to the presence of small grains (mainly agglomeration) may be incorrectly 
attributed to other factors instead. Where photographs are published the small grains can 
often be seen adhering to the surface of the larger ones but their presence is not noted, the 
only worker who mentions them is Smallwood, P. V. (1986) and Smallwood, P. V. (1989). 
7.3.2.4 EFFECT ON PVA TAKE UP 
A sample of the aqueous phase was analysed before and after the reaction to measure the 
concentration of PVA present. The results are shown in table 7.11. The figures shown are 
weight percentages based on the aqueous phase. 
Experiment. PVA Analysed 
Before Reaction. 
(% w/w). 
PVA Analysed 
After Reaction. 
(% w/w). 
PVA Taken up by 
Polymerisation. 
(% w/w). 
S2E 1 0.035 0.0020 0.0330 
S2E2 0.047 0.0013 0.0457 
S2E3 0.050 0.0014 0.0486 
S2E4 0.048 0.0003 0.0477 
t The method of analysis is only accurate down to a PVA concentration of 0.002% w/w. 
Therefore the marked figure should be taken to read "a small amount" as the numerical value 
may be inaccurate. (Other figures for the PVA concentration after the reaction may also 
contain significant measurement imprecision). 
Table 7.11 - PVA concentration in the aqueous phase before and after polymerisation 
for 
suspensions stabilised with primary and secondary PVA's. 
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As can be seen from table 7.11 the amount of PVA in the aqueous phase prior to 
polymerisation is considerably less than that which was intended. This can be explained by the 
use of secondary PVA's. The secondary PVA's are not completely water soluble and as the 
PVA's were filtered prior to use any undissolved PVA would have been removed. 
The amount of PVA remaining in the aqueous phase after the reaction is very low with nearly 
all the PVA being taken up during the polymerisation. As noted under the table the values are 
subject to some degree of measurement imprecision due to the low concentrations involved. 
In particular the value of 0.0003 % w/w for experiment S2E4 is in doubt 
In all cases the amount of PVA remaining the aqueous phase is less than that which can 
accurately be analysed (0.002% w/w). This indicates that both primary and secondary PVA's 
are stripped from the aqueous phase. 
7.3.2.5 EFFECT ON PARTICLE POROSITY 
The particle porosity was measured by nitrogen adsorption/desorption and the results are 
presented in table 7.12. 
Experiment Adsorption Volume (cc/ g). Desorption Volume (cc/ g). 
S2E1 0.001542 0.001279 
S2E2 0.001255 0.001215 
S2E3 0.007869 0.008027 
S2E4 0.005032 0.005081 
Table 7.12 - Particle porosity for PVC samples from experiments stabilised with primary and 
secondary suspension stabilisers. 
Comparison of the results presented here in table 7.12 with those presented earlier in table 7.8 
for the experiments using just a primary suspension stabiliser shows that the polymers 
produced here using a mixture of suspension stabilisers are much more porous. It is generally 
accepted that secondary PVA's are used to increase porosity as PVA's with a lower degree of 
hydrolysis give a more porous product (Osmondroyd, S. (1988)). However there is 
substantial evidence that primary PVA's also have a significant role to play. Smallwood, P. V. 
(1989) stated that the main function of the primary PVA is to control particle size but it also 
affects porosity. Therefore it is necessary to consider the effects of both the primary and 
secondary PVA in this section. In addition to this, work carried out by Macho, V. et. al. 
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(1994) involving the reacetylation of PVA indicated that as the degree of hydrolysis of the 
PVA fell the porosity of the product also fell which is contrary to popular thinking. This work 
was carried out using Solviol R which is a 86% hydrolysed PVA and reacetylation was carried 
out up to 17.7% which gave a PVA with a degree of hydrolysis of approximately 68% which 
covers the range of the primary PVA's used in this work. It is clear from the contradictory 
evidence that the degree of hydrolysis of the PVA is not the only factor governing the 
porosity. 
Examination of table 7.12 shows that experiments using KH17 as the primary suspension 
stabiliser (S2E3 and S2E4) give a much more porous product than those stabilised with 
Alcotex 72.5 as the primary suspension stabiliser. Initially this would suggest that PVA's with 
a higher degree of hydrolysis give a more porous product. However it has already been shown 
by Stephenson, R. C. and Smallwood, P. V. (1989) that porosity decreases with increasing 
degree of hydrolysis of the PVA although the findings of Macho, V. (1994) appear to support 
this assumption. 
Therefore, if the increase in porosity cannot be attributed to the increase in the degree of 
hydrolysis of the PVA alone then the increase in porosity must be attributed to another factor 
and the most likely factor is the blockiness of the PVA. From sections 7.3.2.1 and 7.3.2.3 it is 
suspected that Alcotex 72.5 is a blockier PVA than KH17. If blocky PVA's give more porous 
products it would be expected that the experiments using a blocky secondary PVA (S2E2 and 
S2E4) would give a more porous product than the equivalent experiments using a randomly 
hydrolysed secondary PVA (S2E1 and S2E3 respectively). Examination of table 7.12 shows 
that this is the case, using a blocky secondary PVA does indeed seem to cause a decrease in 
the porosity of the product. 
The porosity would also appear to be related to the particle appearance. Particles produced 
using KH17 as a primary suspension stabiliser (S2E3 and S2E4) are more porous than those 
using Alcotex 72.5 as a suspension stabiliser (S2E1 and S2E2), the particles produced using 
KH17 also show more smaller material stuck to the surface of the particles. Particles 
produced using blocky secondaries (S2E2 and S2E4) are less porous than those produced 
using randomly hydrolysed secondaries and also have less smaller material stuck to the 
surface. 
Osmondroyd. S. (1988) stated that "the morphology of PVC suspension resin is to a large 
degree determined by the suspending agents used" and the links between particle porosity, 
appearance and degree of agglomeration certainly support his statement. 
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The conclusion that can be drawn from this is that randomly hydrolysed PVA's give a more 
porous product that their blocky equivalents. It also appears that a rougher particle surface 
with more material stuck to it gives higher porosity. This implies that in order to achieve a 
highly porous product a rough particle surface is desirable. 
Experiment S2E3 produced the most porous product which is desirable, this recipe also 
exhibited the "best" control of the drop size and drop size distribution giving small drops with 
a narrow size distribution. 
If we look at the conclusions it is possible to make some further speculative statements about 
what may be happening. Secondary PVA's do effect the porosity of the polymer product and 
general thinking at the current time is that the secondary PVA actually enters the drop and 
causes this change in porosity through some internal effect. If this were the case then it would 
expected that the primary PVA's would not effect the porosity as they do not enter the drops 
but remain on the surface. However primary PVA's definitely do effect the porosity so this 
cannot be the case. In addition to this attempts to dissolve the PVA's in a range of organic 
solvents met with failure in most cases. Although the secondary PVA is believed to be present 
within the drops (and therefore the polymer particles) experimental evidence of this is lacking. 
For these reasons, and the fact that the physical appearance of the particle seems to be linked 
to porosity, it is proposed that the secondary PVA does not enter the drop at all but acts on 
the surface of the drops as the primary PVA does. The effect of this is to change the nature of 
the pericellular membrane in terms of thickness, strength and porosity. These changes to the 
pericellular membrane will effect the point at which the pressure inside the drops falls to a 
sufficient degree of cause the collapse of the drop and this will effect the porosity of the 
particle indirectly (a stronger membrane will require a greater pressure difference to collapse it 
and will result in a more porous product as a result). 
7.3.3 EFFECT OF STABILISER CONCENTRATION ON 
POLYMERISING SYSTEMS 
In the third set of experiments the PVA concentration was varied to try and simulate the 
stabilisation conditions experienced in an industrial plant. This presented some difficulty as 
commercial plants operate near a 50% phase ratio of VCM rather than the 10% used in the 
laboratory apparatus. Suggested PVA recipes were supplied by E. V. C. U. K. Ltd. and these 
recipes are shown in table 7.13. 
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Experiment Primary PVA % W/W Secondary PVA % w/w 
S3E1 Alcotex 72.5 0.025 S404W 0.035 
S3E2 Alcotex 72.5 0.025 S415WB 0.035 
S3E3 KH17 0.025 S404W 0.07 
S3E4 KH17 0.025 S415WB 0.07 
The % w/w stabiliser shown in table 7.13 is based on the aqueous phase. 
Table 7.13 - Recipes for polymerisation using primary and secondary PVA's simulating 
commercial operating conditions. 
The volume faction of VCM was kept constant at 10% in this section of work and the 
industrial conditions were simulated by changing the concentration of the suspension stabiliser. 
Later work (see section 7.6) will study the effect of changing the volume faction of the 
monomer. 
7.3.3.1 EFFECT ON DROP SIZE AND DROP SIZE 
DISTRIBUTION 
The drop size distribution was determined by projecting the images onto an opal screen and 
measuring the drops manually, the drop size distributions obtained are shown in figure 7.21 
and a cumulative drop size distribution is included in Appendix C. The mean drop diameter 
(dm) and sauter mean diameter (d32) are shown in table 7.14. 
Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (µm) 
S3E1 52 64 
S3E2 56 63 
S3E3 64 69 
S3E4 66 73 
Table 7.14 - Mean drop diameter (dm) and sauter mean diameter (d32) after 15 minutes 
agitation at 350 RPM. 
The drop size distributions are similar to those in section 7.3.2.1 although the drop are on the 
whole slightly larger. This is probably a result in the decrease in the overall PVA 
concentration. The drops produced in the experiments using Alcotex 72.5 give a slightly 
smaller mean drop diameter (dm) and sauter mean diameter (d32) than those produced using 
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Drop Size Distribution. 
Primary and Secondary PVA Recipes. 
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Figure 7.21 - Drop size distributions for VCM drops stabilised with primary and secondary 
suspension stabilisers prior to polymerisation. 
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KH17 and this is the result of the dominance of the primary PVA in these recipes (the 
secondary PVA only being present in small quantities) and Osmondroyd, S. (1988) has already 
shown that for a primary PVA the optimum degree of hydrolysis is 72.5%. Examination of 
the plot of cumulative drop size distribution in Appendix C shows the plots are too close to 
one another to draw any firm conclusions. 
7.3.3.2 EFFECT ON PARTICLE SIZE AND PARTICLE SIZE 
DISTRIBUTION 
Plots showing the particle size distribution are presented in Appendix D (see figures D7 to 
D 10 inclusive). The particle size distributions using Alcotex 72.5 as a primary suspension 
stabiliser are bi-modal as in the earlier work but those using KH17 as the primary suspension 
stabiliser show a single peak. 
In the bi-modal distributions (those using Alcotex 72.5 as a primary suspension stabiliser) 
there is an initial peak at approximately 60µm which corresponds to the polymerising droplets 
and a later peak corresponding to agglomerates. The distributions from the experiments using 
KH17 show a single peak of particles larger than the initial drops indicating almost complete 
agglomeration. This is clear evidence that the increases in the amount of material on the 
surface of the particles produced when KH17 is used leads to agglomeration and indicates that 
blocky PVA's such as Alcotex 72.5 help prevent particle agglomeration. 
In Experiment S3E1 the particles have the appearance of a collapsed sphere with a smooth 
surface with smaller polymer particles adhered to their surface. The majority of the particles 
were present singly but there were a few large agglomerates containing (up to 100? ) particles. 
As with S2E1 these large agglomerates were noticed visually when the sample was being 
dispersed for examination. There didn't appear to be any agglomerates of a intermediate size 
but this could be caused by the small sample being unrepresentative or just a factor of human 
judgement although the particle size distribution does show a trough around 200µm. 
Experiments S3E2, S3E3 and S3E4 all produced particles of a similar appearance. They all 
appeared to comprise of collapsed spheres with varying amounts of material adhering to the 
surface of them. 
7.3.3.3 EFFECT ON PARTICLE APPEARANCE 
Photographs of the particles are shown in figure 7.22. 
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Figure 7.22 - Photographs of PVC particles f1-0,11 experiments using primary and secondary 
suspension stabilisers Photographs showing particles from: A- S3EI B- S3E2 C- S3E3 D 
- S3E4. 
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In experiment S3E1 and S3E2 the final particles appear to have a more disc like structure than 
the spherical structure which is more familiar. In experiment S3E2 there was little if any small 
material present on the surface of the particles and particles from S3E1 also exhibited little 
sign of the small material adhering to the surface. 
This disc like structure indicates that the particles have collapsed when the unreacted 
monomer has been vented off and the internal structure of the particle has failed to maintain its 
integrity. This in turn leads to the possibility of a weak or improperly formed pericellular 
membrane or low conversion. As low conversion does not appear to be the case (see values 
for minimum conversion of monomer to polymer in appendix D) then the option of a weak 
pericellular membrane remains. In addition the porosity of these particles will be very low and 
porosity measurements are unwise as the results could be misleading due to the collapse of the 
particles. 
The particles from experiments S3E3 and S3E4 both showed particles with a large amount of 
small material adhering to their surface, the particles from experiment S3E3 had the most 
material adhering to them followed by those from experiment S3E4. 
The electron micrographs form experiments S3E3 and S3E4 show almost complete 
agglomeration of the initial particles. This is not readily apparent from the particle size 
distributions as the agglomerates are only small but close examination of figures D9 and D10 
in Appendix D shows that the peak in the particle size distributions lie at 105µm and 167µm 
respectively. The monomer drops from which these particles were formed are approximately 
70µm in diameter indicating that the particles are formed from agglomerates although these 
agglomerates are relatively small and only contain a few particles. Examination of the 
particles reveals that these particles had the most material stuck to the surface of them 
indicating that the presence of small particles causes agglomeration of the larger particles. 
Experiments using S404W as a stabiliser (S2E1, S2E3, S3E1 and S3E3) seemed to produce 
polymer which had more small particles adhering to the surface of the larger ones and a 
greater degree of agglomeration than the equivalent experiments using S415WB (S2E2, S2E4 
S3E2 and S3E4 respectively). This suggest that a randomly hydrolysed secondary suspension 
stabiliser produces a "fuzzier" product. In addition experiments using KH17 (S1E2, S2E3, 
S2E4, S3E3 and S3E4) seemed to produce a "fuzzier" polymer than the equivalent 
experiments using Alcotex 72.5 (S1E1, S2E1, S2E2, S3E1 and S3E2 respectively). The 
conclusion that can be drawn from this is that blockiness in the PVA structure helps prevent 
the formation of small particles and thus help prevent agglomeration of the product. 
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If a randomly hydrolysed stabiliser produces a "fuzzier" product via the formation of more 
small particles this would imply that a randomly hydrolysed PVA is better at stabilising 
emulsions. This theory is verified by Karsa, D. A. (1990) who discovered that the high 
interfacial activity of a random polymer allows superior emulsion stability to be achieved 
during and after polymerisation. 
7.3.3.4 EFFECT ON PVA TAKE UP 
A sample of the aqueous phase was analysed before and after the reaction to measure the 
concentration of PVA present. The results are shown in table 7.15. The values shown are 
weight percentages based on the aqueous phase. 
Experiment. PVA Analysed 
Before Reaction. 
(% w/w). 
PVA Analysed 
After Reaction. 
(% w/w). 
PVA Taken up by 
Polymerisation. 
(% w/w). 
S3E 1 0.035 0.0008+ 0.0342 
S3E2 0.030 0.0015 0.0285 
S3E3 0.043 0.0025 0.0405 
S3E4 0.042 0.0015 0.0405 
+ The method of analysis is only accurate down to a PVA concentration of 0.002% w/w. 
Therefore the marked figure should be taken to read "a small amount" as the numerical value 
may be inaccurate. (Other figures for the PVA concentration after the reaction may also 
contain significant measurement imprecision). 
Table 7.15 - PVA concentration in the aqueous phase before and after polymerisation using 
primary and secondary PVA's simulating commercial operating conditions. 
As can be seen from the table the PVA concentration before the polymerisation is lower than 
that which was intended. The reason for this has already been discussed in section 7.3.2.5. 
The amount of PVA remaining in the aqueous phase after the reaction is small and as has been 
noted under table 7.15 the analysis method is only accurate down to 0.002% w/w PVA so 
there is the possibility of significant measurement imprecision in the results. In particular the 
value of 0.0008% w/w for experiment S3E1 is subject to doubt. These results indicates that 
both primary and secondary PVA's are stripped from the aqueous phase but further analysis of 
these figures is too risky to be meaningful. 
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7.3.4 EFFECT OF TIME ON POLYMERISING SYSTEMS 
Experiments S2E1 to S2E4 were repeated but the polymerisation was stopped after 1 hour to 
study the effect of polymerisation time on the polymer product. In all other respects the 
experiments were identical to those in the previous section. The experimental details are 
detailed in section 7.3 and the PVA recipes are detailed in section 7.3.2. 
7.3.4.1 EFFECT ON DROP SIZE AND DROP SIZE 
DISTRIBUTION 
Plots showing the drop size distribution prior to polymerisation are shown in figure 7.23 and a 
cumulative drop size distribution is included in Appendix C. The mean drop diameter (dm) 
and sauter mean diameter (d32) are shown in table 7.16. 
Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (µm) 
S2E1 1 Hour 45 47 
S2E2 1 Hour 55 58 
S2E3 1 Hour 44 49 
S2E4 1 Hour 52 57 
Table 7.16 - Mean drop diameter (dm) and lauter mean diameter (d32) after 15 minutes 
agitation at 350 RPM before polymerisation for 1 hour. 
The mean drop diameter (dm) and sauter mean diameter (d32) shown in table 7.16 ought to be 
similar to those in table 7.10 as the methods and recipes used to produce the suspensions were 
identical. Comparison of the values in the two tables shows an excellent correlation between 
the two sets except in the case of experiment S2E1. It has already been proposed that there 
was an error in the earlier results for this experiment presented in section 7.3.2.1 and these 
results confirm that proposal. Examination of the graph showing the cumulative size 
distribution also shows the plots for experiments S2E1 and S2E3 lying close together as it was 
suggested they ought to. 
The excellent correlations between these results and those presented earlier seems to confirm 
the theories suggested in section 7.3.2.1. 
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Drop Size Distribution. 
Primary and Secondary PVA Recipes. 
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Figure 7.23 - Drop size distributions for VCM drops stabilised with primary and secondary 
suspension stabilisers prior to polymerisation for 1 hour. 
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7.3.4.2 EFFECT ON PARTICLE SIZE AND PARTICLE SIZE 
DISTRIBUTION 
Plots showing the particle size distribution are presented in Appendix D (see figures D11 to 
D14 inclusive). All experiments show a single peak of particles with there being only limited 
agglomeration. Experiments S2E1, S2E2 and S2E4 show the peak between 50µ. m and 60µm 
which corresponds to particles formed by the polymerisation of the drops in the drop 
suspension (shown in figure 7.23). Experiment S2E3 shows the peak to be at 105µm which is 
larger than the initial drops (shown in figure 7.23) indicating that agglomeration of the 
particles has already started to occur. This might be expected as this PVA recipe uses the 
least blocky PVA's and it has already been shown (section 7.3.2.3) that blockiness helps 
prevent particle agglomeration by producing particles with a smoother surface. 
7.3.4.3 EFFECT ON PARTICLE APPEARANCE 
Electron micrographs of the particles produced in experiments S2E1,1 Hour to S2E4,1 Hour 
are shown in figure 7.24. These particles have a similar appearance to those produced in 
experiments S2E1 to S2E4 which are shown in figure 7.20 and discussed in section 7.3.2.3. 
Less agglomeration is present which is a result of the shorter polymerisation time. 
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Figure 7.24 - Photographs of PVC particles from experiments using primary and secondary 
suspension stabilisers after polymerisation for 1 hour. Photographs showing particles from: A 
- S2E 1,1 Hour B- S3E2, I Hour C- S3E3, I Hour D- S3E4,1 Hour. 
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7.3.4.4 EFFECT ON PVA TAKE UP 
The PVA take up from the aqueous phase for experiments S2E1 1 hour to S2E4 1 hour is 
shown in table 7.17. 
Experiment. PVA Analysed 
Before Reaction. 
(% w/w). 
PVA Analysed 
After Reaction. 
(% w/w). 
PVA Taken up by 
Polymerisation. 
(% w/w). 
S2E1,1 Hour 0.044 0.0015 0.0425 
S2E2,1 Hour 0.045 0.0075 0.0375 
S2E3,1 Hour 0.055 0.0003+ 0.0547 
S2E4,1 Hour 0.060 0.0030 0.0570 
t The method of analysis is only accurate down to a PVA concentration of 0.002% w/w. 
Therefore the marked figure should be taken to read "a small amount" as the numerical value 
may be inaccurate. (Other figures for the PVA concentration after the reaction may also 
contain significant numerical errors). 
Table 7.17 - PVA concentration in the aqueous phase before and after polymerisation for 
suspensions stabilised with primary and secondary PVA's after 1 hour. 
As can be seen from the table the PVA concentration after the reaction is very low. This 
indicates that the PVA is almost completely taken up in the early stages of the reaction. this 
has consequences when the system is run under reflux conditions in that monomer returning to 
the reactor will be returning to an aqueous phase which has had nearly all the PVA stripped 
form it. 
As the PVA is stripped from the aqueous phase within the first hour of the reaction this 
indicates that the early stages of the reaction are critical to the quality of the end product 
(below 20% conversion). It has already been shown in earlier sections that the choice and 
concentration of PVA effects the particle size, appearance, agglomeration and porosity and all 
these properties are determined within the first hour of the polymerisation process. 
Further deductions from these figures is unwise due to the low concentrations remaining in the 
aqueous phase after the reaction. 
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7.3.5 GENERAL NOTES ON PARTICLE SIZE 
DISTRIBUTIONS 
Questions were raised concerning the particle size distributions and the post polymerisation 
treatment of the samples. When the polymer is recovered from the reactor it was filtered, 
washed and then dried under atmospheric conditions for several days before being weighed to 
determine the polymer recovery. The samples that were taken for particle size analysis were 
samples of the dried product. Concern was expressed that caking of the product may be 
occurring during the filtration and drying processes and the agglomerates may be a function of 
the downstream processing rather than a function of the polymerisation process itself. 
In order to test this theory a sample of the slurry was taken straight from the reactor for 
experiment S3E3 and this was analysed to determine the particle size distribution. The data 
obtained from this experiment is shown in figure D15 in Appendix D. Comparison of this with 
plot with that for the filtered, washed and dried polymer for the same experiment (figure D9 in 
Appendix D) reveals that the plots are virtually identical. This demonstrates that the 
agglomeration is occurring during the polymerisation process and is not affected by 
downstream processing. 
7.3.6 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.3) 
"A randomly hydrolysed secondary PVA gives more small drops than a blockily hydrolysed 
PVA. This conclusion can be extended to cover the primary PVA's as well. 
" Experiments using a primary and a secondary suspension stabiliser produce smaller drops 
of a more uniform size than those using just a primary suspension stabiliser for the same 
overall concentration of PVA. This confirms earlier assumptions that PVA's with a wide 
range in the degree of hydrolysis form the "best" suspensions (those containing small drops 
of a uniform size). 
" The initial drop size and drop size distribution is maintained through the polymerisation 
process and affects the particle size and particle size distribution of the polymer product. 
" There is a correlation between the amount of material stuck to the particle surface and the 
degree of agglomeration. As the degree of material stuck to the particle surface increases 
agglomerates are more likely to be formed in the reactor. 
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" It is probable that this small material is formed by 2 different mechanisms. One is emulsion 
polymerisation occurring alongside the suspension process and the other is via 
vaporisation and reflux of the monomer depositing primary particles into the aqueous 
phase. 
" The use of blocky PVA's such as Alcotex 72.5 reduces the amount of small material on the 
surface of the larger particles and thus helps to prevent particle agglomeration. 
" Randomly hydrolysed PVA's give a more porous product that their blocky equivalents. 
" It also appears that a rougher particle surface with more material stuck to it gives higher 
porosity. This implies that in order to achieve a highly porous product a rough particle 
surface is desirable. 
" Virtually all of the PVA is stripped from the aqueous phase, this occurs within the first 
hour of the reaction. 
" The PVA has been shown to effect the particle size, appearance, agglomeration and 
porosity. Therefore it follows from the last conclusion that these properties must be 
determined within the first hour of the polymerisation. 
" The results for drop size distribution appear to show excellent reproducibility indicating 
that experimental error is minimal despite the small sample size (300 drops). 
" The particle size distributions obtained are a function of the polymerisation process and are 
not effected by the downstream processing. 
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7.4 SCOUTING EXPERIMENTS 
The aim of this section of the project was to use the minimum number of experiments to 
obtain an overview of how some specific variables effected the polymerisation process. 
It was decided that the effects of the following variable would be studied with respect to their 
effects on both the initial droplet suspension and the polymerisation process. 
" Reactor Heat Up Rate. 
" pH. 
" Oxygen Concentration. 
Charging sequence: - 
" Location of Secondary PVA (Aqueous or Organic phase). 
" Delaying the addition of the primary PVA. 
" Simultaneous charging of both phases to the reactor. 
An experimental plan was constructed and is detailed in section 5.9.4 of Chapter 5. Details of 
the experimental procedure to be adopted for-each of the changes to be made can be found in 
sub-sections of section 5.9.4 in Chapter 5. 
Comparison of the experimental plan in section 5.9.4 with the experiments actually performed 
will reveal that a significant number of the experiments were not completed. The details of the 
experiments and the reason for them not being completed are shown in table 7.18. 
Cell Number Experimental details Details of completion 
1 pH 4, Primary Delayed, 
Simultaneous Charge. 
Impossible to perform+. 
2 pH 4, Secondary in Organic. Completed. 
3 pH 4, Added Oxygen. Completed. 
4 pH 10. Completed. 
5 pH 10, Added Oxygen, Secondary in 
Organic, Primary Delayed, 
Simultaneous Charge. 
Impossible to perform+. 
6 pH 4, Rapid Heat Up, Simultaneous 
Charge. 
Completed. 
continued on next page. 
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..... continued from previous page. 
Cell Number Experimental details Details of completion 
7 pH 4, Rapid Heat Up, Added Impossible to perform+. 
Oxygen, Secondary in Organic, 
Primary Delayed, Simultaneous 
Charge. 
8 pH 10, Rapid Heat Up, Secondary in Impossible to perform+. 
Organic, Primary Delayed, 
Simultaneous Charge. 
9 pH 10, Rapid Heat Up, Added Attempted'. 
Oxygen, Primary Delayed. 
10 pH 10, Rapid Heat Up, Added Not performed*. 
Oxygen, Secondary in Organic. 
Additional pH 4. Completed. 
Experimente. 
Additional pH 7. Completed. 
Experiment'. 
Additional pH 4, Rapid Heat Up. Completed. 
Ex erimentO. 
t- The reason these experiments were impossible to perform was that they called for delayed 
addition of the primary PVA to the reactor and simultaneous charging of the reactor which are 
two mutually exclusive conditions. 
e- This experiment was attempted but was not completed. The reason for this is that a stable 
suspension was not established. This is discussed in more detail in section in section 7.4.7. 
*- This experiment was not performed. Although it was required in the original experimental 
plan it was felt that the variables examined in this experiment had already been sufficiently 
studied in other experiments and performing this experiment would provide no new data so 
the decision was made not to continue with it. 
0- Due to some of the other experiments being impossible to perform these additional 
experiments were required in their place. 
Table 7.18 - Experimental plan for scouting experiments indicating details of experimental 
completion or failure. 
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The standard experimental recipe which was used in this section of work was as follows: - 
Water 1.0 litre 
Vinyl Chloride 0.1 litres 
Stabilisers 0.03% w/w, KH17 
0.03% w/w S404W 
Initiator 0.175 g 
Pressure 10 bar ' 
Temperature 55°C 
Impeller Speed 350 RPM 
Polymerisation Time 1 hour 
The stabiliser recipe was chosen because this recipe is known to be a fairly typical recipe from 
the earlier work (sub-sections of 7.3). It creates a system with good drop size control which 
produces a porous product with a moderate degree of agglomeration. Any changes to the 
system as a result of the changes to be made to the operating procedure ought to be relatively 
easy to detect as perturbations from the norm. 
A polymerisation time of 1 hour was chosen because it has already been shown that properties 
such as the particle size, appearance, agglomeration and porosity are determined within the 
first hour of the polymerisation. 
The drop size distributions were all observed after 15 minutes mixing except for the 
experiment with simultaneous charging of both phases to the reactor where the drop size 
distribution was observed after the reaction had proceeded for 10 minutes; observations at 
time zero would be meaningless as the drop size distribution would not have been established. 
Particle size distributions were obtained by taking a sample of the filtered, washed and dried 
product and dispersing it in an aqueous solution before analysing the particle size distribution 
with a coulter counter. This process is described in more detail in section 5.7 of chapter 5. 
7.4.1 GENERAL RESULTS FROM THE SCOUTING 
EXPERIMENTS 
General results for the experiments performed will be presented together in this section and 
then the details from each experiment will be discussed in the following sections. 
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Plots showing the drop size distributions are shown in figures 7.25 and 7.26 and plots showing 
the cumulative drop size distributions are presented in Appendix E. The mean drop diameter 
(dm) and sauter mean diameter (d32) are presented in table 7.19. 
Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (µm) 
pH 4 46 55 
H7 50 55 
H 10 52 58 
H 4, Rapid Heat Up. 53 57 
H 4, Secondary in Organic. 50 55 
H 4, Added Oxygen. 44 48 
pH 4, Rapid Heat Up, 
Simultaneous Charge. 
49 54 
pH 4, Rapid Heat Up, 
Added Oxygen, 
Primary Delayed. 
Data UnavailableII'. Data UnavailablelB. 
e- The data for this experiment is unavailable as the droplet suspension was discovered to be 
highly unstable. 
Table 7.19 - Mean drop diameter (dm) and lauter mean diameter (d32) for scouting 
experiments. 0 
Plots showing the particle size distributions are included in Appendix F as figures F1 to F7. 
The amount of PVA taken up at the end of the experiment is shown in table 7.20. 
Experiment. PVA Analysed 
Before Reaction. 
(% w/w). 
PVA Analysed 
After Reaction. 
(% w/w). 
PVA Taken up by 
Polymerisation. 
(% w/w). 
pH 4 0.048 0.008 0.040 
H7 0.062 0.009 0.053 
H 10 0.048 0.033 0.015 
pH 4, Rapid Heat 
U. 
0.06 0.007 0.053 
..... continued on next page. 
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continued from previous page. 
Experiment. PVA Analysed PVA Analysed PVA Taken up by 
Before Reaction. After Reaction. Polymerisation. 
(% w/w). (% w/w). (% w/w). 
pH 4, Secondary in 0.047 0.007 0.040 
Organic. 
pH 4, Added 0.048 0.001 0.047 
Oxygen. 
pH 4, Rapid Heat 0.050 0.022 0.028 
Up, Simultaneous 
Charge. 
pH 4, Rapid Heat Data Unavailable', '. Data Unavailable''. Data Unavailable'. 
Up, Added Oxygen, 
Primary Delayed. 
+- This figure was obtained from a sample of the aqueous phase taken after the reaction had 
progressed for 10 minutes. Taking a sample at time zero before the introduction of the 
organic phase (and thus the secondary PVA) would give a meaningless result. The PVA 
concentration listed here is from a sample of the reacting mixture once the organic phase has 
flashed off and dumped it's PVA in the aqueous phase. 
e- The data for this experiment is unavailable as the droplet suspension was discovered to be 
highly unstable. 
Table 7.20 - PVA concentration in the aqueous phase before and after polymerisation for 
scouting experiments. 
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Drop Size Distribution. 
Scouting Experiments. 
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Figure 7.25 - Drop size distributions for VCM drops from scouting experiments. 
7-64 
Chapter 7. Results and Discussion. 
Drop Size Distribution. 
Scouting Experiments. 
pH 4, Secondary in Organic. pH 4, Added Oxygen. 
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Figure 7.26 - Drop size distributions for VCM drops from scouting experiments. 
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7.4.2 DISCUSSION OF THE EFFECTS OF pH CHANGES 
The aim of these experiments was to study the effects that changing the initial pH would have 
on the reaction. This could be important as the pH changes throughout the course of the 
polymerisation anyway due to the liberation of H+ ions. 
7.4.2.1 DROP SIZE 
Mean drop diameter (dm) and sauter mean diameter (d32) are shown in table 7.19. 
Examination of the table shows that the mean drop size (dm) and sauter mean diameter (d32) 
increase as the pH increases. This can also be observed in the drop size distributions shown in 
figure 7.25. At high pH there are a few larger drops present which are not present at the 
lower pH. 
7.4.2.2. PARTICLE SIZE 
Examination of the particle size distributions presented in Appendix F (figures F1 to F3) 
indicates that the effect of increasing the pH would appear to be to decrease the amount of 
agglomeration which occurred between the particles. This is linked with a rise in the amount 
of smaller material (<20 µm) which is present. There are several possible explanations for 
this. 
One is that as the pH increases more smaller material is formed directly through the formation 
of small drops. Examination of the drop size distributions show that this is not the case. As 
the pH increases the average drop size increases rather than decreases. 
Another explanation is that drops are more likely to break up and deposit small material in the 
aqueous phase. This is possible but drop breakage is unlikely to actually deposit material from 
the organic phase into the aqueous phase. This is only likely to happen if the organic phase 
evaporates and refluxes back into the reactor from the reactor lid. The pH will not effect the 
temperature of the aqueous phase or the temperature of the reactor lid so this theory can also 
be discounted as any reflux which is occurring will not be any greater or lesser than in other 
experiments. 
Examination of the figures for the minimum conversion of monomer to polymer in Appendix F 
reveals that the conversion appears to fall with increasing pH. This may be a genuine result or 
it may be an indirect result of the method used to measure monomer conversion. The 
minimum conversion of monomer to polymer is measured by the PVC product actually 
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recovered from the reactor after filtration, washing and drying. Examination of the reactor 
after the reaction showed that fouling was much worse in the case of the experiment with high 
pH and this may explain the reason for the apparently lower conversion. 
If the conversion hadn't progressed to the desired degree then smaller particles would be 
expected, particularly if the conversion was low enough that the particles failed to maintain 
their integrity when the unreacted monomer was vented off. The observation that the 
conversion falls with increasing pH is supported by examination of the particle size 
distributions. The experiment at pH 4 shows considerable agglomeration of the product which 
is known to occur at higher conversion, whereas there is only minimal agglomeration at pH 7 
and none at pH 10. 
There is evidence to support the theory that the particles may have failed to retain their 
integrity when the monomer was vented. Examination of the particle size distributions shows 
that the peak corresponding to the particles formed from the initial drops lies at approximately 
3911m whereas the drops from which these particles were formed were approximately 50µm in 
diameter. The conversion was stopped before the pressure differential across the particle 
boundary would cause the particle to collapse so any collapse in the particle structure must 
have occurred when the unreacted monomer was vented off. 
Another explanation is that the small material is present in both cases but in the case with low 
pH it is stuck to the surface of the larger particles causing them to agglomerate but it is free in 
the case with high pH. 
7.4.2.3 PARTICLE APPEARANCE 
Examination of the particles revealed that small material was present in all cases. It was not 
possible to quantify the amount of this small material present but it was felt that the quantity of 
small material appeared to remain approximately constant. In the polymerisations performed 
at low, pH this was stuck to the surface of the particles giving them a fuzzy appearance, in the 
polymerisations performed at high pH it was loose, present as separate particles and the larger 
particles had a much smoother appearance. This supports the theory above that the small 
material may be present in all cases but at high pH it is present as separate particles as opposed 
to stuck to the surface of the smaller particles. This would also effect the degree of 
agglomeration and explain the higher degree. of agglomeration observed at the low pH value. 
It has already been shown in section 7.3 that the presence of small material on the surface of 
the larger particles causes agglomeration. 
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Closer examination of the larger particles revealed interesting information. In the experiments 
performed at low pH the particles appear to be roughly spherical in shape as would be 
expected for a particle formed from a polymerising drop. However as the pH increases the 
particles appear to have a more disc like shape. This indicates that the polymerising drop has 
collapsed and explains the smaller than expected particle sized noted in the previous section 
(section 7.4.2.2) and is conclusive evidence that the particles failed to maintain their integrity 
when the unreacted monomer was vented off. There was also some evidence (oddly shaped 
lumps of polymer) which suggests that some particles may have exploded as the unreacted 
monomer flashed off although there is no conclusive proof of this theory. 
Although the quantity of the small material is believed to remain approximately constant it is 
possible that its source varies. At low pH, when the mean drop diameter and sauter mean 
diameter are smaller, the small material is formed directly. At higher pH less small material is 
formed directly but it is still observed in the final product. This is due to the small material 
being deposited in the aqueous phase at the end of the reaction when unreacted monomer 
flashes off and the polymer particles collapse. This does not happen at lower pH because the 
conversion is greater and it is believed that if the polymerisation was allowed to progress to a 
higher degree of conversion then the quantity of small material will be seen to decrease with 
increasing pH. This theory is supported later by evidence in subsection 7.5.3 of section 7.5 
where the effects of pH and polymerisation time are investigated in more detail. 
7.4.2.4 PVA TAKE UP 
Table 7.20 show that the PVA take up is much lower in the experiment performed at high pH. 
In all the experiments discussed so far the majority of the PVA has been stripped from the 
aqueous phase and taken up by the polymerising system. In this case the majority of the PVA 
(two thirds) remains in the aqueous phase. This manifests itself in the drop size distribution as 
an increase in the drop size. This would have particularly interesting effects in a system 
operated under reflux conditions. Normally monomer returning to the reactor will be returned 
to a PVA sparse aqueous phase but in this case the returning monomer would find an aqueous 
phase still rich in PVA. 
7.4.3 DISCUSSION OF THE EFFECT OF RAPID HEAT UP 
The aim of this experiment was to see if changing the rate of heating of the reactor would have 
any effect on the polymerising system. 
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7.4.3.1 DROP SIZE 
Comparison of the drop size distribution with those from earlier experiments in sub sections of 
section 7.4 show that the drop size distribution is almost identical. This is to be expected as 
the drop size distribution is established before the reactor heat up commences and therefore 
did not ought to be effected by it. 
7.4.3.2 PARTICLE SIZE 
In the case where heat up was rapid the particle size distribution is clearly bi-modal. This can 
probably be explained by two factors. The first is that due to a much shorter induction period 
the polymerisation went to a higher degree of conversion than in the other experiments 
(although this is not supported by the value for the minimum conversion of monomer to 
polymer in appendix F which appears to be similar to that for other experiments). A shorter 
induction period would effectively lead to a longer polymerisation time (the overall 
polymerisation time remaining the same). As the polymerisation time increases the degree of 
conversion of monomer to polymer will also increase and therefore agglomeration will be 
more likely to occur. 
The other reason is that this experiment was performed at a low pH. This would lead to the 
formation of a greater amount of small material (see sections 7.4.2.2 and 7.4.2.3) and this 
would lead to a greater degree of agglomeration (see section 7.3). 
For these reasons it is suspected that the reactor heat up rate does not effect the actual particle 
size or particle size distribution but the apparent change is due to a higher conversion of 
monomer to polymer caused by a longer polymerisation time. 
It was proposed that this faster heat up rate was used in further experiments as it decreases the 
uncertainly concerning the actual polymerisation time as the point of initiation will be known 
more precisely and the induction period will be shorter. The use of this rapid heat up method 
was started at the beginning of the experiments discussed in section 7.5 and was used in all 
further polymerisation work. 
7.4.3.3 PARTICLE APPEARANCE 
The particles, prior to agglomeration, appear virtually identical to those produced in earlier 
work using the same recipe and pH conditions (section 7.4.2.3). This again suggests that the 
rate of heat up does not have any effect on the polymer product. The spherical appearance of 
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the particles as opposed to the disc like structure of collapsed particles indicates that the 
degree of conversion of the monomer to polymer might be slightly higher than would be 
suggested from the minimum conversion of monomer to polymer. A clue to explaining this 
was found in the initial experimental record which shows that the quantity on monomer 
initially charged to the reactor was slightly low therefore monomer losses due to the solubility 
of the VCM in the aqueous phase and vaporisation would be a greater percentage of the initial 
charge. 
7.4.3.4 PVA TAKE UP 
The values in table 7.20 show that virtually all the PVA appears to be stripped form the 
aqueous phase as with the earlier work. 
7.4.4 DISCUSSION OF THE EFFECTS OF PLACING THE 
SECONDARY PVA IN THE ORGANIC PHASE 
These experiments aimed to study the effect of pre-dispersing the secondary suspension 
stabiliser in the organic phase. 
7.4.4.1 DROP SIZE 
The drop size distribution appeared similar to that from earlier experiments. This indicates 
that either the secondary PVA plays virtually no role in drop stabilisation or that the location 
of the secondary suspension stabiliser in unimportant in the initial stages of the reaction 
It is already known that the secondary suspension stabiliser does play a role in drop 
stabilisation as this has already been examined in subsections 7.3.1.1,7.3.2.1 and 7.3.3.1 of 
section 7.3 which showed that a system stabilised with a primary and a secondary suspensions 
stabiliser exhibits better drop size control than a system stabilised with a primary suspension 
stabiliser alone. As changing the location of the secondary suspension stabiliser does not seem 
to change the properties of the droplet suspension this would imply that the location of the 
secondary suspension stabiliser in unimportant in the initial stages of the reaction. 
7.4.4.2 PARTICLE SIZE 
Examination of figure F5 in appendix F shows that adding the secondary PVA to the organic 
phase produced a particle size distribution with a large amount of small material present. 
Although appearing much different from the particle size distributions in the earlier 
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experiments, also with a pH of 4, the graphs do show some similarity with one peak at about 
30µm and a second peak of agglomerated particles at about 100µm (although the 
agglomerates where smaller when the secondary PVA was in the organic phase). 
The relatively low particle sizes compared to the initial drop sizes shown in table 7.19 can 
probably be explained by the relatively low degree of conversion of monomer to polymer. If 
the reaction progressed to a higher degree of conversion then the particle size distribution 
would probably have been similar to that from the earlier experiments, also at a pH of 4. 
7.4.4.3 PARTICLE APPEARANCE 
The particles appeared to have a relatively fuzzy appearance. However the underlying particle 
was disc shaped rather than spherical which indicates a relatively low degree of conversion 
confirming the observation in the previous section (section 7.4.4.2). 
7.4.4.4 PVA TAKE UP 
The values in table 7.19 show that the eventual PVA take up appears to be unaffected by the 
presence of the secondary in the organic phase at the start of the reaction. However the figure 
quoted in table 7.20 for the initial concentration of PVA in the aqueous phase is misleading. 
This figure was obtained from a sample of the aqueous phase taken after the reaction had 
progressed for 10 minutes. Taking a sample at time zero before the introduction of the 
organic phase (and thus the secondary PVA) would give a meaningless result. The PVA 
concentration listed in table 7.20 is from a sample of the reacting mixture once the organic 
phase has flashed off and dumped it's PVA in the aqueous phase. Therefore this figure is not 
truly the PVA concentration in the aqueous phase but the PVA concentration in the reacting 
system as a whole. 
7.4.5 DISCUSSION OF THE EFFECT OF ADDED OXYGEN 
The aim of this work was to see if the presence of small amounts of oxygen has any adverse 
effects on the reaction. If no adverse effects are discovered this may indicate that the need to 
purge reactors with nitrogen prior to polymerisation is not necessary or that this purging does 
not need to be particularly scrupulous. It is already known that large quantities of oxygen will 
inhibit the reaction and will eventually stop it completely at very high oxygen concentrations. 
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7.4.5.1 DROP SIZE 
As can be seen from the results in table 7.19 and figure 7.26 adding oxygen to the reactor 
appears to have little if any effect on the drop size distribution. This indicates that the 
presence of small quantities of oxygen does not effect the PVA or its ability to stabilise the 
droplet suspension. 
7.4.5.2 PARTICLE SIZE 
Examination of figure F6 in Appendix F shows that adding oxygen to the reaction produced a 
particle size distribution which was similar to that for the experiment with rapid heat up (see 
figure F4 in Appendix F). The first peak at approximately 30µm is larger and the second at 
approximately 100µm is smaller suggesting that less agglomeration occurred as a result of a 
lower conversion of monomer to polymer. The amount of polymer recovered from the reactor 
was also lower supporting this assumption. 
The slower heat up would mean the reaction did not initiate as fast as the reaction in which 
rapid heat up was used. The presence of extra oxygen, even in small quantities, may have also 
inhibited the initiation. This would have occurred by the oxygen taking up some of the free 
radicals produced by the thermal decomposition of the initiator thus increasing the induction 
period and decreasing the degree of conversion of monomer to polymer. This indicates that 
even small quantities of oxygen have an inhibitory effect on the reaction. 
7.4.5.3 PARTICLE APPEARANCE 
The particles appeared to be saucer like indicating an almost total collapse of the internal 
structure of the particle when the monomer was vented off. This leads to the conclusion that 
the degree of conversion was very low further supporting the theory that even small amounts 
of oxygen inhibit the reaction. 
7.4.5.4 PVA TAKE UP 
The values in table 7.20 show that the very little PVA remains in the aqueous phase after the 
reaction. This indicates that the presence of oxygen in the reactor has very little effect on take 
up of the suspension stabilisers. 
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7.4.6 DISCUSSION OF THE EFFECTS OF SIMULTANEOUS 
CHARGING 
The aim of this work was to study the effect of simultaneously charging both phases to the 
reactor. 
7.4.6.1 DROP SIZE 
The drop size distribution shown in figure 7.26 is similar to that from earlier experiments. In 
this experiment the conditions within the reactor are the same as those for other experiments 
with the exception that the PVA's were not completely dispersed in the aqueous phase. 
7.4.6.2 PARTICLE SIZE 
The experiment with rapid heat up and simultaneous charge produced a particle size 
distribution plot (see figure F7 in Appendix F) very similar to that for the experiment with 
added oxygen (see figure F6 in Appendix F) and thus similar to the previous experiment with a 
rapid heat up (see figure F4 in Appendix F). The presence of less agglomerates can again be 
explained by the low degree of conversion although the reasons for the low degree of 
conversion are not clear in this case. 
7.4.6.3 PARTICLE APPEARANCE 
The particles appeared to be disc like indicating a collapse of the internal structure of the 
particle when the monomer was vented off. This leads to the conclusion that the degree of 
conversion was very low. 
7.4.6.4 PVA TAKE UP 
The values in table 7.20 show that the PVA take up from the aqueous phase into the organic 
phase appears to be very poor in this case although the reasons for this are unclear. The two 
phases spent the same length of time in contact with one another so there ought to be a similar 
level of PVA take up. 
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7.4.7 DELAYED ADDITION OF THE PRIMARY PVA. 
These experiments involved delaying the addition of the primary PVA to the reactor. 
7.4.7.1 DROP SIZE 
When the addition of the primary suspension stabiliser was delayed it was discovered that the 
droplet suspension was highly unstable and rapid agglomeration of the drops occurred when a 
sample was observed in the optical cell. This made any attempt to obtain a drop size 
distribution meaningless as the distribution observed in a static sample within the optical cell 
would be different from that observed in the turbulent conditions present within the reactor. 
The reason that the suspension was so unstable was that the drop size distribution had to form 
in the presence of the secondary PVA alone and it is known that secondary PVA's are poor 
suspension stabilisers on their own and should only be used in combination with a primary 
suspension stabiliser. 
0 Due to this instability and the resulting risk of excessive fouling of the reactor from 
unstabilised drops being deposited on the reactor walls, it was decided not to continue with 
the polymerisation and it was decided that further attempts at polymerisations where addition 
of the primary PVA was delayed would not be attempted. Due to this, information on particle 
size, appearance and the PVA uptake was not obtained as the experiment was not completed. 
7.4.8 GENERAL CONCLUSIONS FROM THIS SECTION OF 
WORK (SECTION 7.4) 
" Drop size distributions for the different experiments seem to remain fairly constant with no 
significant variations. The drop size distributions would appear to range from 25 to 95 µm 
with the majority of drops in the 45 to 75 µm range. The uniformity in drop size 
distributions would be expected for most of the experiments as the conditions under which 
the suspensions were formed were similar. 
" All particle size distributions appear to show a peak at around the 30 to 40 µm range. 
This peak corresponds to the particles formed from the polymerisation of the drops seen in 
the drop size distributions. The discrepancies whereby the particles appear to be smaller 
than the drops is explained by partial collapse of the drops when the unreacted monomer is 
vented off. 
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" The results so far would appear to indicate that drop size distributions are relatively robust 
to changes in the environment where as particle size distributions are much more sensitive 
to environmental change. This means that any attempt to predict the behaviour of a 
polymerising system from the same unpolymerising one as attempted by Mendizabel et. al. 
(1992) is likely to be fraught with problems. 
7.4.8.1 SPECIFIC CONCLUSIONS FROM THIS SECTION OF 
WORK (SECTION 7.4) 
9 The average drop size increases with increasing pH. 
9 Conversion of monomer to polymer decreases as the pH increases. 
" As pH increases the degree of agglomeration between the particles decreases. 
" The decrease in agglomeration as the pH increases in related to a change in the particle 
appearance. At low pH the particles have a large amount of small material stuck to their 
surface, at high pH the quantity of small material is reduced and much of that which is 
present is present as individual particles. 
" PVA take up from the aqueous phase appears to be inhibited by high pH. 
" The rate of reactor heat up appears to have no effect on the polymerising system other 
than to increase the degree of conversion due to increasing the effective polymerisation 
time (initiation will be faster as the reaction temperature is reached in a shorter time). 
" Placing the secondary PVA in the organic phase appears to have little effect on the 
polymerising system. This indicates that transport of the secondary stabiliser from its 
initial location is relatively rapid and that transport phenomena involving the secondary 
PVA do not control the initial stages of the reaction. 
9 Adding small amounts of oxygen to the reactor seems to have little if any effect on the 
drop size distribution or the polymer product. This shows that oxygen does not have any 
effect on the ability of the PVA to stabilise the reacting system although it might inhibit the 
initiation of the reaction slowing down initiation and eventually stopping it all together if 
the oxygen level was high enough. 
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9 Simultaneously charging both phases to the reactor seems to have little effect on the 
droplet suspension or the polymerising system. 
" Delaying addition of the primary PVA causes the system to be unstable. A stable 
suspension cannot be created in the presence of the secondary PVA alone. 
7.5 EFFECTS OF pH ON THE POLYMERISING SYSTEM 
For these further experiments investigating the effects of pH on the reaction (pH 4 and pH 10) 
the pH was manipulated by adding 10 ml of a 1M standard solution (HC1 for pH 4 or NaOH 
for pH 10) to the aqueous phase. The decision to use this method rather than trying to adjust 
the initial pH precisely was made because the pH falls throughout the course of the reaction so 
knowing the concentration of H+ of OH- ions added is more useful that knowing the initial pH 
precisely. 
It was decided to perform three sets of experiments. One adding acid to the reactor, one 
without manipulating the pH and one adding alkali to the reactor. Experiments were 
performed using polymerisation times of 30,60,120 and 210 minutes to study the effects of 
time on the polymerising system. 
The standard recipe that was used throughout this section of work follows, any changes to this 
recipe are noted in table 7.21 
Water 1.0 litre 
Vinyl Chloride 0.1 litres 
Stabilisers 0.03 % w/w KH 17 
0.03% w/w S404W 
Initiator 0.175 g 
Pressure 10 bar 
Temperature 55°C 
Impeller Speed 350 RPM 
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Experimental Conditions. Acid/Alkali Added. 
H 4,30 Minutes 10 nil IM HCI 
pH 4,60 Minutes 10 ml 1M HC1 
H 4,120 Minutes 10 ml 1M HCI 
H 4,210 Minutes 10 ml 1M HC1 
H 7,30 Minutes None 
pH 7,60 Minutes None 
pH 7,120 Minutes None 
pH 7,210 Minutes None 
pH 10,30 Minutes 10 ml 1M NaOH 
H 10,60 Minutes 10 ml 1M NaOH 
H 10,120 Minutes 10 ml 1M NaOH 
pH 10,210 Minutes 10 ml 1M NaOH 
Table 7.21 - Experimental conditions for experiments to be performed at low and high pH. 
7.5.1 MODIFICATIONS TO THE EXPERIMENTAL PLAN 
Once work on the experimental plan was started a problem was discovered. The planned 
reactions at high pH where 10 ml of 1M NaOH were added to the reactor produced a highly 
unstable suspension. Photographs showing this suspension in the optical cell are included in 
figure 7.27. As can be seen the sample agglomerates rapidly to form large, amorphous 
sections of monomer. The polymerisation for 30 minutes was performed using this highly 
unstable mixture and any polymer which was produced was found to be fouling the reactor 
walls. For this reasons the amount of NaOH was reduced to 5 ml for further experiments at 
high pH. Reducing the amount of alkali added seemed to produce a stable suspension and the 
drop size distribution obtained will be discussed later in this section. 
7.5.2 EFFECT OF pH ON DROP SIZE DISTRIBUTION. 
Plots showing the drop size distributions are shown in figure 7.28 and plots showing the 
cumulative drop size distributions are presented in Appendix G. The mean drop diameter 
(dm) and sauter mean diameter (d32) are presented in table 7.22. 
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A 
AT, 
C 
B 
Figure 7.27 - VCM droplets stabilised with KH 17 and S404W with 10 ml of 1m NaOH added. 
Photographs showing suspension failure and rapid agglomeration of the drops within the 
optical cell. Sample after: A-5 Seconds B- 10 Seconds C- 15 Seconds. 
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Figure 7.28 - Drop size distributions for experiments at varying pH. 
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Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (m) 
pH 4 53 58 
pH 54 58 
pH 10 72 92 
Table 7.22 - Mean drop diameter (dm) and sauter mean diameter (d32) for experiments at 
varying pH values. 
As can be seen from the graphs and the values for the mean drop size, the drop size and the 
drop size distribution appears to be unaffected by lowering the pH but increasing the pH 
causes the drop size to increase and the drop size distribution to broaden. The plots for pH 4 
and pH 7 are similar to those obtained in earlier work (sections 7.3 and 7.4) and the mean 
drop sizes show good correlation with the values obtained in earlier work, the values here are 
slightly larger but this can be attributed to experimental error. The plot at high pH shows a 
marked increase in mean drop diameter over the earlier experiments at elevated pH (section 
7.4). This can be explained by the fact that the concentration of alkali used in this case was 
higher and it is already known that at high alkali concentrations complete suspension failure 
will occur (section 7.5.1). 
(These drop sizes are taken from the experiments in which the polymerisation occurred for 
120 minutes for the reactions at pH 4 and pH 7. The drop size for the experiment at pH 10 
was taken from the experiment in which the polymerisation occurred for 210 minutes. This is 
not important as the initial drop size distribution should be the same in all cases. ) 
7.5.3 EFFECT OF pH ON PARTICLE SIZE AND PARTICLE 
SIZE DISTRIBUTION 
Figures showing the particle size distributions for the experiments at pH 4, pH 7 and pH 10 
are shown in Appendix H as figures H1 to H10 inclusive. 
Results for the experiments at pH 10 for polymerisation times of 30 minutes and 120 minutes 
are not presented. The experiment performed for 30 minutes only produced a small amount of 
polymer and that which was recovered was present as a layer covering the internal surfaces of 
the reactor rather than as a granular powder so a particle size distribution could not be 
established. The experiments performed for 60 minutes and the experiment performed for 210 
minutes both resulted in very bad fouling of the reactor internals so the decision was taken not 
to perform the polymerisation planned for 120 minutes as this would also result in bad fouling. 
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The plots of particle size distribution at pH 4 and pH 7 do not show any new phenomenon. 
There is generally a peak at the 50-60µm range which corresponds to polymer beads formed 
from the drops seen in the drop size distribution and then larger particles formed by 
agglomeration of the smaller ones, as the polymerisation time increases the number and size of 
the agglomerates also increases. 
At pH 10 the particle size distributions are much more interesting. There appears to be a 
single peak of particles at the 300-400µm range and there is absolutely no material at the very 
small end of the spectrum. The particles appear to be formed from single drops rather than 
being composed of an agglomeration of smaller particles. These particles are larger than the 
drops which were present in the initial droplet suspension. This indicates that some 
agglomeration of the drops must have occurred during the polymerisation process. As the 
particles appeared to be formed from single drops rather than being agglomerates the particles 
must have agglomerated early in the process when they were still capable of complete 
combination (whilst the drops were still fluid and not rigid). Smallwood, P. V. (1989) showed 
that agglomerates start to form at 10-15% conversion but these are agglomerates formed from 
multiple particles, for agglomeration to have occurred and be complete the drops must have 
agglomerated below 2% conversion (the point where the pericellular membrane becomes 
complete (Davidson, J. A. and Witenhafer, B. F. (1980)). 
Early agglomeration would be possible (even in the presence of PVA which is still present in 
the aqueous phase in high quantities at high pH). Davidson, J. A. and Witenhafer, B. F. (1980) 
discovered that some particles contained large void spaces, these particles were formed from 
VCM drops containing water drops trapped within them (a multiple emulsion). Multiple 
emulsions could not be formed when the initiator was not present so the system must be 
modified early in the polymerisation process and this might be when the agglomeration occurs 
as both the agglomeration and formation of multiple emulsions must occur before the 
pericellular membrane forms and the drop becomes rigid. (Drops formed from multiple 
emulsions also exhibit a pericellular membrane on the inside, around the void space within 
them. ) 
7.5.4 EFFECT OF pH ON PARTICLE APPEARANCE 
Electron micrographs of the particles produced in the experiments at pH 4 and pH 10 are 
shown in figure 7.29. The particles produced at pH 4 show little of interest appearing to have 
the classical ridge and trough structure seen earlier in this work (section 7.3). There is a fairly 
high degree of fuzziness associated with small material stuck to the surface of the larger 
particles and some agglomeration can be observed. 
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A 
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D 
Figure 7.29 - Photographs of PVC particles from experiments at varying pH after 
polymerisation for I hour and 3.5 hours. Photographs showing particles from: A- pH 4,1 
Hour B- pH 4,3.5 Hours C- pH 10,1 Hour D- pH 10,3.5 Hours. 
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The particles produced at a pH of 10 show much more interesting results. The particles 
themselves are much larger (resulting in a lower magnification being necessary) and there is 
almost total agglomeration of the particles. Many of the agglomerated particles have lost their 
individual identities which confirms the observations made in the previous section (section 
7.5.3). 
The small material stuck to the surface of the larger particles also appears to be absent. This 
would imply that the majority of the small material is formed by emulsion polymerisation 
occurring alongside the suspension process as suggested in section 7.3.2.3 rather than by 
evaporation and reflux occurring off the reactor lid 
7.5.5 EFFECT OF pH ON DEGREE OF CONVERSION 
I 
The effects of varying pH on the conversion of monomer to polymer are shown below in table 
7.23. 
Experiment 30 Minutes 60 Minutes 120 Minutes 210 Minutes 
pH 4 7 24 59 66 
H7 6 21 38 44 
H 10 5 13 Not Performed 60 
Table 7.23 - The effect of pH on polymer recovery. 
The figure for polymer recovery for the longer experiments at pH 7 (120 and 210 minutes) is 
lower than would be expected, a repeat of the experiment performed for 210 yielded a 
polymer recovery of 58%. 
As can be seen there is a correlation between the pH and the amount of polymer recovered 
from the reaction. Generally speaking the polymer recovery goes down as the pH increases. 
This can be attributed to a number of factors. 
The main one is the degree of fouling of the reactor. The polymer recovery is defined as the 
amount of polymer recovered from the reactor after filtration, washing and drying. In the 
experiments at high pH the fouling of the reactor was much worse, the result of this is that less 
of the polymer was actually recovered from the reactor and more was lost as material fouling 
the internals of the reactor when it was cleaned. It is also possible that the presence of 
hydroxide ions might inhibit the reaction in some way. 
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7.5.6 EFFECT OF pH ON PVA TAKE UP 
The PVA concentration in the aqueous phase was analysed before and after the reaction, the 
results are shown in table 7.24. 
Experiment. PVA Analysed 
Before Reaction. 
(% w/w). 
PVA Analysed 
After Reaction. 
(% w/w). 
PVA Taken up by 
Polymerisation. 
(% w/w). 
H 4,30 Minutes 0.057 0.0004 0.0566 
H 4,60 Minutes 0.080 0.0017 0.0783 
pH 4,120 Minutes 0.060 0.0060 0.0540 
pH 4,210 Minutes 0.038 0.0050 0.0330 
pH 7,30 Minutes 0.050 0.0100 0.0400 
H 7,60 Minutes 0.055 0.0003+ 0.0547 
pH 7,120 Minutes 0.049 0.0090 0.0400 
H 7,210 Minutes 0.050 0.0014 0.0486 
H 10,30 Minutes 0.070 0.0600 0.0100 
H 10,60 Minutes 0.062 0.0500 0.0120 
pH 10,120 Minutes Not Performed Not Performed Not Performed 
pH 10,210 Minutes 0.061 0.0520 0.0090 
t The method of analysis is only accurate down to a PVA concentration of 0.002% w/w. 
Therefore the marked figure should be taken to read "a small amount" as the numerical value 
may be inaccurate. (Other figures for the PVA concentration after the reaction may also 
contain significant measurement imprecision). 
Table 7.24 - PVA concentration in the aqueous phase before and after polymerisation for 
experiments at different pH values. 
The effects of pH on the PVA take up are interesting. At pH 4 and pH 7 the PVA seems to be 
stripped from the aqueous phase with the majority of the PVA being taken up at some time 
within the first 30 minutes of the reaction. It is difficult to tell exactly when the PVA is taken 
up. It could be during the stabilisation of the droplet suspension or when the polymerisation 
commences and the pericellular membrane forms. Determination of this will not be easy as it 
is not possible to separate the organic phase from the aqueous phase prior to polymerisation 
(the organic phase will flash off depositing the PVA in the aqueous phase). What can be 
determined is that the PVA is taken up very early in the reaction so any effects it may have on 
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the properties of the final product are also established early in the reaction process. The 
pericellular membrane is known to be a graft co-polymer of VCM and PVA (Davidson, J. A. 
and Witenhafer, B. F. (1980)) and this is likely to be the final location of the majority of the 
PVA. This would explain the early take up of the PVA as the pericellular membrane is formed 
at about 2% conversion of monomer to polymer. 
However at pH 10 the result is very different. The majority of the PVA remains in the 
aqueous phase with only a fraction being taken up by the organic phase. This is reflected by 
the drop and particle size distributions which show much larger drops and particles in the 
experiments performed at high pH. In this case the pericellular membrane will not contain as 
much of the graft co-polymer (most of the PVA remains in the aqueous phase). What is 
significant is that the PVA which is taken up is taken up within the first 30 minutes of the 
reaction. This is strong evidence that the PVA concentration in the aqueous phase is 
irrelevant after the initial stage of polymerisation (particularly at high pH). 
The high pH may cause hydrolysis of the PVA actually increasing the degree of hydrolysis and 
making the suspension more unstable as a result. Although most PVA's are made by alkaline 
hydrolysis of polyvinyl acetates this is an unlikely explanation. The hydrolysis of polyvinyl 
acetates to form PVA's occurs under reflux conditions for a number of hours depending on the 
degree of hydrolysis desired in the final PVA. If a hydrolysis reaction was occurring the 
secondary PVA would be hydrolysed until it had a degree of hydrolysis similar to that of the 
primary PVA (it would be converted to a primary PVA), further hydrolysis would then 
hydrolyse the entire PVA mixture until eventually a 100% hydrolysed PVA would be created. 
The suspension is stabilised (or not stabilised as the case my be) in a 15 minute mixing period 
in the reactor before reactor heat-up commences. Allowing for the pre-mixing of the aqueous 
phase prior to the addition of the monomer means the possible contact time is approximately 
30 minutes at atmospheric temperature which is too low for a significant hydrolysis reaction to 
have occurred. 
In addition to this, similar results would be expected at low pH. Although most PVA's are 
manufactured by base hydrolysis it is also possible to hydrolyse polyvinyl acetates via acid 
hydrolysis. As no such phenomenon is observed at low pH this indicates that actual damage 
of the PVA molecule is very unlikely to be occurring. 
At this stage there is insufficient data about what is occurring in the early stages of the 
reaction to draw any firm conclusions. This phenomenon is investigated further in section 7.6. 
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7.5.7 EFFECT OF pH ON PARTICLE POROSITY 
The particle porosity is shown in table 7.25 
Experiment Adsorption Volume (cc/ g). Desorption Volume (cc/ g). 
H 4,30 Minutes 0.014105 0.014868 
H 4,60 Minutes 0.006519 0.006799 
H 4,120 Minutes 0.002135 0.002209 
H 4,210 Minutes 0.003029 0.003014 
pH 7,30 Minutes 0.006210 0.025236 
H 7,60 Minutes 0.011171 0.011586 
H 7,120 Minutes 0.000986 0.009582 
H 7,210 Minutes 0.007204 0.007637 
pH 10,30 Minutes º4 e 
H 10,60 Minutes 0.008620 0.009382 
pH 10,120 Minutes Not Performed. Not Performed. 
H 10,210 Minutes 0.001112 0.000466 
e- The data for this experiment is unavailable as the droplet suspension was discovered to be 
highly unstable and a granular product suitable for porosity measurements was not produced. 
Table 7.25 - Particle porosity for PVC samples from experiments at varying pH. 
As can be seen from the results in table 7.25 the porosity appears to fall with increasing 
polymerisation time. Similar results were also obtained by Smallwood, P. V. (1986) and Zerfa, 
M. (1994). This decrease in porosity with increasing conversion can be explained by the way 
the internal structure of the PVC particle builds up during the polymerisation and was 
explained by Smallwood, P. V. (1986). 
In the early stages of the polymerisation process the pericellular membrane forms and primary 
particles are formed within the monomer droplets. As the polymerisation progresses the 
primary particles become larger and form a continuous network throughout the polymer 
particle. If the monomer is vented before this continuous network has formed the particle will 
collapse. ' Smallwood discovered that particles with a degree of conversion below 10% tended 
to collapse but once the degree of conversion reached 20% the structure tended to be retained 
although this value could vary between 10% and 30% depending on the conditions within the 
reactor. 
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Once the internal network has been formed the polymer particle is safe from collapse and will 
retain its structure if the unreacted monomer is vented. As the conversion of monomer to 
polymer increases the spaces in the internal structure will become filled with polymer and the 
porosity of the final particle will decrease with increasing conversion. 
7.5.8 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.5) 
" Drop stability decreases with increasing pH, low pH has little effect but the suspension 
rapidly becomes unstable at high pH. 
" Mean drop size increases and the drop size distribution broadens at high pH, low pH 
appears to have virtually no effect on the drop size or drop size distribution. 
" High pH results in bad fouling of the reactor (due to suspension instability). 
" High pH results in the formation of large particles (300-4004m). These are larger than the 
drops in the drop size suspension but appear to be single particles so they must be formed 
by agglomeration very early in the reaction. 
" The degree of conversion may decrease with increasing pH. 
" Porosity decreases with increasing polymerisation time. This can be explained by the way 
the internal structure of the PVC particles forms during the polymerisation process. 
" PVA take up is inhibited by high pH 
7.6 FURTHER pH STUDIES 
Three further experiments were planned and performed. These experiments used smaller 
amounts of acid and alkali and the idea was to see if changes to the polymerising system were 
continuous or discrete, particularly the changes in the drop size distributions at high pH. 
The experimental conditions are exactly the same as those used in the previous section of 
work (section 7.5) and a polymerisation time of 60 minutes was used for all three experiments. 
The amounts of acid and alkali used are shown in table 7.26 
7-87 
Chapter 7. Results and Discussion. 
Experimental Conditions. Acid/Alkali Added. 
Low pH, 60 Minutes 5 ml 1M HC1 
Low pH, 60 Minutes 2.5 ml 1M HC1 
High pH, 60 Minutes 2.5 ml 1M NaOH 
Table 7.26 - Experimental conditions for further experiments to be performed at low and high 
pH. 
7.6.1 EFFECT OF pH ON DROP SIZE DISTRIBUTION. 
Plots showing the drop size distributions are shown in figure 7.30 and plots showing the 
cumulative drop size distributions are presented in Appendix I. The mean drop diameter (dm) 
and sauter mean diameter (d32) are presented in table 7.27. 
Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (m) 
5 m1 1M HC1 46 50 
2.5 m1 1M HC1 43 46 
2.5 ml 1M NaOH 52 55 
Table 7.27 - Mean drop diameter (dm) and sauter mean diameter (d32) for further experiments 
at varying pH values. 
These drop size distributions follow on from those presented in the previous section of work 
(section 7.5.2) and frequent reference will be made to table 7.22 which can be found there. 
Examination of the results in table 7.27 would appear to indicate that increasing the 
concentration of acid within the system results in a slight broadening of the drop size 
distribution. Examination of table 7.22 shows that the mean drop diameter and sauter mean 
diameter when 10 ml of 1M HCl was added were 539m and 58µm respectively which appear 
to confirm this statement. When the pH was not manipulated (experiment S2E3) the mean 
drop diameter and sauter mean diameter were 44µm and 48µm respectively (table 7.10 in 
section 7.3.2.1). This is further confirmation of the statement that reducing the pH by 
increasing the concentration of H+ ions results in a small increase in the mean drop size. 
Comparison of the result in table 7.27 for the addition of 2.5 ml 1M NaOH with that in table 
7.22 for the addition of 5 ml 1M NaOH shows that the mean drop size increases rapidly with 
increasing pH until the suspension becomes totally unstable and a drop size distribution can no 
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longer be determined due to rapid agglomeration of the drops within the optical cell, this 
occurs when 10 ml of 1M NaOH is added to the suspension (see section 7.5.1). 
The reasons for these changes in the drop size distribution are linked to the take up of PVA 
and will be discussed further in section 7.6.5 which follows. 
7.6.2 EFFECT OF pH ON PARTICLE SIZE AND PARTICLE 
SIZE DISTRIBUTION 
Figures showing the particle size distributions for the experiments using 5 nil 1M HCI, 2.5 ml 
1M HC1 and 2.5 ml 1M NaOH are shown in Appendix J as figures J1 to J3 respectively. 
Comparison of the particle size distributions for the experiments at low pH (figures J1 and J2) 
show similar results. Comparison of these with the experiment performed for 1 hour using 10 
ml iM HC1(figure H2) does show an interesting result. It appears that as the amount of acid 
is increased the degree of agglomeration of the particles also increases, this effect only 
becomes significant at relatively low pH (the addition of 10 ml 1M HCl). 
This may finally explain why there is relatively little agglomeration seen in the laboratory 
reactor at Loughborough University compared with an industrial plant. Industrially produced 
polymers made using the same stabiliser recipes produce a much more agglomerated product 
than the product produced by the laboratory apparatus and the reason for this has been unclear 
although it was usually attributed to the higher phase ratio used in industrial plants. It is now 
believed that a decrease in the pH (an increase in the concentration of H+ ions) leads to a 
more agglomerated product. As the polymerisation progresses H+ ions are liberated and the 
pH in the reactor contents falls. Generally the pH of the reacting system in the laboratory 
apparatus falls by only 0.1 to 0.2 during a reaction whereas the pH of the reacting system in an 
industrial plant may fall by 3 to 4 due to the much higher monomer concentrations present 
(resulting in more polymerisation occurring and more H+ ions being liberated). It is believed 
that the increased degree of agglomeration is linked to the phase ratio but that this may be an 
indirect effect caused by the liberation of a greater concentration of H+ ions rather than a 
direct one. This theory could be investigated by performing a series of experiments at high 
phase ratio whilst manipulating the pH. Time constraints did not allow this work to be carried 
out during the current project but it is discussed further in Chapter 9, suggestions for future 
work. 
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At high pH the particle size distribution is very different. The particles appears to be much 
larger (500µm as opposed to the normal 50µm that would be expected). This result indicates 
that the particles are much larger than the drops which are seen in the initial droplet 
suspension, this agrees with the results in the previous section and an explanation has already 
been presented in section 7.5.3. 
7.6.4 EFFECT OF pH ON DEGREE OF CONVERSION 
The effects of varying pH on the polymer recovery are shown below in table 7.28. 
Experiment Polymer Recovery 
5 ml 1M HC1 20% 
2.5 ml 1M HCI 20% 
2.5 ml 1M NaOH 12% 
Table 7.28 - The effect of pH on polymer recovery. 
Table 7.28 shows the degree of polymer recovery for each reaction. Examination of table 
7.23 in section 7.5.5 shows that the degree of polymer recovery for the experiment performed 
at pH 4 (10 ml 1M HCl added) was 24% after 60 minutes and the polymer recovery for the 
experiment at pH 10 (5 ml 1M NaOH added) was 13% after 60 minutes. These results show 
good correlation with the results shown above in table 7.28 and the polymerisation time for 
these experiments was also 60 minutes. When the reaction is performed without manipulating 
the pH the degree of polymer recovery is 21% after 60 minutes (see table 7.23). 
As has already been explained in section 7.5.5 the degree of polymer recovery appears to fall 
with increasing pH but as was explained there this could be attributed to the worse fouling of 
the reactor or to the fact that the presence of the alkali actually inhibits the reaction. In the 
experiment performed with 2.5 ml 1M NaOH added to the reactor, fouling of the reactor was 
noticeably less than in earlier experiments performed at elevated pH. Further examination of 
the old data with the new results presented here would appear to indicate that a low pH has no 
effect on the degree of conversion. However it would appear that high pH actually inhibits the 
reaction due to the presence of OH- ions. This effect may be initiator specific and the exact 
mechanism of the initiation would need to be understood to explain this effect fully. 
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7.6.5 EFFECT OF pH ON PVA TAKE UP. 
The PVA concentration in the aqueous phase was analysed before and after the reaction, the 
results are shown in table 7.29. 
Experiment. PVA Analysed 
Before Reaction. 
(% w/w). 
PVA Analysed 
After Reaction. 
(% w/w). 
PVA Taken up by 
Polymerisation. 
(% w/w . 
5 ml 1M HCl 0.048 0.008 0.040 
2.5 ml 1M HC1 0.048 0.006 0.042 
2.5 ml 1M NaOH 0.048 0.023 0.025 
Table 7.29 - PVA concentration in the aqueous phase before and after polymerisation for 
experiments at different pH values. 
As can be seen from table 7.29 the PVA is stripped from the aqueous phase in most cases but 
in the experiment at high pH about half of the PVA remains in the aqueous phase. This is 
slightly more than in the previous work at elevated pH but the concentration of OH- ions was 
lower here as less alkali was used. 
The inability of the aqueous/organic interface to take up the PVA at high pH is reflected in the 
large drop and particle sizes which are observed and it is now possible to attempt an 
explanation of these phenomena. 
There are two possible explanations of what could be happening here and each explanation 
will be evaluated in turn. 
The PVA could be being chemically altered by a hydrolysis reaction during the early stages of 
the polymerisation process. Section 7.5.6 has already investigated this possibility and it has 
been discounted for reasons explained there. If we accept that the PVA is present and that it 
is not being chemically changed in any manner then we must consider what is happening. 
Either the PVA is unable to stabilise the drops under high concentrations of OH- ions or the 
PVA never actually reaches the drops in the first place. 
It has already been shown in this work that PVA's take a considerable period of time to 
stabilise drops (over half an hour in the case of KH17). The PVA is drawn to the interface 
between the organic and the aqueous phase and once there takes time to align itself so that the 
hydrophobic sections are in the organic phase and the hydrophilic ends are in the aqueous 
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phase. It is believed that the smaller, much more mobile OH' ions are attracted to either the 
PVA or the aqueous/organic interface and prevent this alignment of the PVA thus preventing 
it from acting as an effective stabiliser. 
If we assume that the PVA is prevented from reaching the interface then we need to consider 
the effects this is likely to have on the polymerising system. The pericellular membrane forms 
early on in the polymerisation process (at <2% conversion of monomer to polymer) and is 
known to be a graft co-polymer of PVA and PVC (Davidson, J. A. and Witenhafer, B. F. 
(1980)). If the elevated concentration of OH- ions is preventing the PVA form being taken up 
on the surface of the organic droplets it will also be preventing the craft co-polymer from 
being formed. In addition to this the primary particles are stabilised by a negative charge 
which tends to force them towards the surface of the drops to help form the pericellular 
membrane. These two effects, when combined, probably prevent the formation of the 
pericellular membrane or "skin" around the drop which will have two effects. 
Firstly the drops will not be protected against coalescence. As has been observed from the 
particle size distributions the final particles seem to be much larger than the drops from which 
they were formed but the particles appear to be formed from single drops and not 
agglomerates. In section 7.5.3 it was suggested that this agglomeration must occur in the very 
early stages of the reaction but if the pericellular membrane is not formed then this 
agglomeration could occur at a later stage and the discrete drops from which the particle is 
formed could still disappear without the presence of a "skin" to help them retain their shape. 
The second result is that the porosity would be much lower as is observed in section 7.5.7. 
The porosity of the particles comes about as a result of the polymerisation process and the 
density difference between the monomer and the polymer. In the early stages of the process 
the pericellular membrane forms a rigid skin around the droplet, as polymerisation progresses 
the volume of material within the drop falls and voids form within the drop until the pressure 
falls to a sufficient degree to collapse the pericellular membrane and form the classical 
appearance of a PVA particle with a ridge and trough structure formed from a collapsing 
sphere as shown by Davidson, J. A. and Witenhafer, B. F. (1980), Smallwood. P. V. (1986) and 
Smallwood P. V. (1989) amongst others. If the pericellular membrane is not formed then there 
will be no rigid outer layer to the drop and the drop can begin to contract as soon as 
polymerisation starts resulting in much lower porosity. 
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1'I 
7.6.6 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.6) 
" Reducing the pH by increasing the concentration of H+ ions results in a small increase in 
the mean drop size. 
" Increasing the pH by increasing the concentration of OH- ions results in a rapid increase in 
the mean drop size until suspension failure occurs. 
" Reducing the pH by increasing the concentration of H+ ions results in a small increase in 
the degree of agglomeration of the product. 
" This increase in the degree of agglomeration at high H+ ion concentration may explain the 
increased agglomeration observed in industrial plants when compared to the laboratory 
apparatus at Loughborough University. The industrial plants operate at a higher phase 
ratio so more H+ ions are liberated during the reaction causing the pH to fall to a greater 
degree. 
" Increasing the pH by increasing the concentration of OH- ions results in a rapid increase in 
the particle size of the polymer product. 
" Reducing the pH by increasing the concentration of H+ ions has no noticeable effect on 
the degree of conversion but increasing the pH by increasing the concentration of OH- 
ions results in inhibition of the reaction reducing the degree of conversion. 
" High pH inhibits the take up of PVA and this is believed to prevent the formation of the 
pericellular membrane. The result of this is that drops are able to coalesce freely and the 
polymer particles have a low porosity. 
7.7 EFFECT OF ALKALI ADDITION ON DROPLET 
SUSPENSIONS 
Following the results in section 7.6 it was decided to perform a single mixing experiment to 
study the speed with which the alkali can de-stabilise a droplet suspension. A droplet 
suspension was established under reaction conditions identical to those used in sections 7.5 
and 7.6 with the one exception that initiator was not present. After a one hour mixing period 
in which the droplet suspension was established 10 ml of 1M NaOH was added to the 
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suspension. Samples were then taken at regular intervals to examine the effect this had on the 
suspension. 
Plots showing the drop size distributions at different time intervals after the addition of the 
alkali are shown in figures 7.31 and 7.32. The mean drop diameter (dm) and sauter mean 
diameter (d32) are presented in table 7.30. 
Experiment Mean Drop Diameter (µm) Sauter Mean Diameter (pm) 
After 30 Minutes Mixing. 44 47 
After 60 Minutes Mixing. 44 48 
5 Minutes after Addition. 45 48 
10 Minutes after Addition. 45 47 
15 Minutes after Addition. 46 48 
20 Minutes after Addition. 46 48 
30 Minutes after Addition. 44 47 
40 Minutes after Addition. 44 46 
50 Minutes after Addition. 42 47 
60 Minutes after Addition. 44 48 
75 Minutes after Addition. 40 42 
90 Minutes after Addition. 43 45 
Table 7.30 - Mean drop diameter (dm) and lauter mean diameter (d32) for mixing experiment 
with added alkali. 
As can be seen from the plots showing the drop size distributions and the values for the mean 
drop diameter and sauter mean diameter the mean drop size and drop size distribution remains 
constant throughout the experiment with any fluctuations being easily explained by 
experimental imprecision and the small sample size used to establish the drop size distribution 
(300 drops). 
In this experiment the drop size distribution remains stable for at least 90 minutes after the 
addition of 10 ml of 1M NaOH and there is no reason to believe that the suspension would not 
have remained stable for a much longer period. In the earlier experiments at elevated pH (sub 
sections of 7.5 and 7.6) a stable drop suspension could not be formed in the presence of 10 ml 
of 1M NaOH. 
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Drop Size Distributions. 
Effect of Alkali Addition. 
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This result would imply that once the PVA has been given time to stabilise the drops it can 
remain on the surface of the drops in the presence of alkali. It would also indicate that the 
PVA is not chemically altered as this would result in a change in the drop size distribution 
(different PVA's have already been shown to result in different drop size distributions). 
This result, coupled with the poor PVA take up in alkaline conditions would seem to indicate 
that the presence of the OH- ions are inhibiting the take up of PVA on the surface of the 
organic. This could be the result of the small, mobile OH- ions keying to sites in the PVA or 
to sites on the aqueous/organic interface before the large, cumbersome PVA molecules have a 
chance reach the aqueous/organic interface and act as stabilisers there. 
It is possible that the absence of initiator in this case caused the suspension to remain stable 
where a stable suspension could not be formed before. Although Davidson, J. A. and 
Witenhafer, B. F. (1980) showed that the presence of initiator did have some effect on the 
suspension formation (multiple emulsions were only formed when initiator was present) it is 
thought that this is an unlikely explanation especially as the initiator was present in the organic 
phase in our work. 
0 
7.7.1 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.7) 
" At high pH the OH- ions bind to sites on either the PVA molecules or sites at the 
aqueous/organic interface before the PVA has time to stabilise the drops. 
" If alkali is added to pre-stabilised suspension the PVA has already bound to the 
aqueous/organic interface and the alkali has no effect on the drop size or drop size 
distribution. 
7.8 EFFECT OF PHASE RATIO ON THE POLYMERISING 
SYSTEM 
In the experiments at Loughborough University the phase ratio is usually 10% w/w of the 
organic phase. The reason for this is that it gives a reasonable quantity of polymer product 
and is the highest phase ratio at which a clear image of the drops can be seen in the optical cell 
to determine the drop size distribution. Industrial plants use as high a phase ratio of organic as 
possible for commercial reasons, this is determined by the ability to remove heat from the 
reactor and the necessary safety margin to avoid the risk of a phase inversion occurring. 
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The degree of agglomeration which is seen in the product produced in the experimental 
apparatus at Loughborough University is much less than that seen in the polymer product 
recovered from commercial reactors. It was decided that a few experiments would be 
performed at higher phase ratio's to see what effect this would have on the polymer product. 
In these experiments, determination of the drop size distribution will not be possible and the 
denseness of the suspension will make it impossible to take clear enough photographs to 
determine an accurate distribution. A sample was taken at the beginning of the reaction to 
check for suspension failure but after that samples were not taken due to the risk of blocking 
the optical cell associated with the higher phase ratio of the organic phase. 
The experimental conditions that were used in these experiments are shown below. 
Stabilisers Primary - KH17 
Secondary - S404W 
Pressure 10 bar 
Temperature 55°C 
Impeller Speed 350 RPM 
Due to physical constraints (the size of the reactor) it was necessary to change the mass of the 
aqueous phase as well as the mass of the organic phase. For this reason the following recipes 
were used. 
Experiment Aqueous 
Phase (1) 
(Water) 
Organic 
Phase (1) 
(VCM) 
Primary 
Stabiliser (g) 
(KH17) 
Secondary 
Stabiliser (g) 
(S404W) 
Initiator (g) 
(X50) 
20% Or anic 0.9 0.2 0.3 0.3 0.350 
30% Organic 0.8 0.3 0.3 0.3 0.525 
40% Organic 0.7 0.4 0.3 0.3 0.700 
Table 7.31 - Recipes for polymerisations at high phase ratio's. 
The concentration of stabiliser was kept constant as was the impeller speed. As more work 
would be required to cause drop breakage (see section 2.4 of Chapter 2) the impeller speed 
ought to be increased. However as drop breakage also depends on the geometry of the vessel 
(which is a rather squat vessel in our case) it was felt that this would be introducing another 
variable into the equation and the benefits of this would be outweighed by the uncertainty that 
the correct speed had been chosen. The mass of the suspension stabiliser was also kept 
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constant although the actual percentage w/w of stabiliser based on the aqueous phase changed 
due to the change in mass of the aqueous phase. Care was taken to check for suspension 
failure before polymerisation was initiated via reactor heat up but, as the stabiliser is usually 
used in excess, the risk of this occurring was relatively small. The mass of the initiator was 
increased to keep the initiator concentration constant with respect to the monomer in order to 
maintain the same rate of reaction. 
The experiment at 20% phase ratio was performed correctly, an experimental error in charging 
the reactor in the experiment performed at 30% phase ratio meant that too much monomer 
was charged to the reactor and this experiment actually ended up with a phase ratio of 40% 
being present. As the polymerisation for this experiment was successful it was felt that 
performing further experiments at elevated phase ratios was unnecessary. This experiment will 
be referred to at an experiment at 40A% phase ratio in the rest of this work. This is to 
indicate that although it is an experiment with a monomer/organic phase ratio of 40% the 
recipe that was actually used was actually that for an experiment with a monomer/organic ratio 
of 30%. 
7.8.1 EFFECT OF PHASE RATIO ON PARTICLE SIZE AND 
PARTICLE SIZE DISTRIBUTION 
Plots showing the particle size distributions obtained from the experiments at 20% and 40A% 
phase ratios are shown in Appendix K as figures Kl and K2 respectively. As has already been 
explained drop size distributions could not be established for these experiments so 
comparisons between the drop and particle size distributions is impossible. 
Comparing these results with that for the same recipe at the normal phase ratio of 10% (figure 
D13 in Appendix D) would appear to show that the size of the individual particles remains 
approximately constant, this indicates that the size of the drops in the droplet suspension were 
also approximately constant. It might be expected that the drops would increase in size as the 
amount of monomer is increasing but the amount of stabiliser is not, this can be explained as 
the stabiliser is usually used in excess (approximately 0.02% w/w is required to stabilise a 
suspension but 0.06% w/w is usually used to allow a reasonable safety margin). 
The degree of agglomeration increases with increasing phase ratio. This result would be 
expected for a number of reasons. As the phase ratio increases the frequency of the collisions 
between the particles will increase giving more opportunities for agglomerates to be formed, 
the stabiliser concentration is lower and the pH of the reaction will fall more as the mass of the 
polymerising phase has increased so more H+ ions will be liberated as the polymerisation 
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progresses. The reason why a high concentration of H+ ions would appear to effect the 
degree of agglomeration is not known but a similar result was observed in section 7.6.2. 
7.8.2 EFFECT OF PHASE RATIO ON PARTICLE 
APPEARANCE 
Electron micrographs showing the particles produced are shown in figure 7.33. These show 
that phase ratio appears to have very little effect on the particle appearance. 
7.8.3 EFFECT OF PHASE RATIO ON PVA TAKE UP 
f 
The PVA concentration in the aqueous phase was analysed before and after the reaction, the 
results are shown in table 7.32. 
Experiment. PVA Analysed PVA Analysed PVA Taken up by 
Before Reaction. After Reaction. Polymerisation. 
(% w/w). (% w/w). (% w/w). 
20% Organic 0.070 0.0047 0.0653 
40A% Organic >0.10 0.0050 >0.10 
0- The concentration of PVA was so high in this case that it saturated the detection method 
so an accurate value can not be determined. 
Table 7.32 - PVA concentration in the aqueous phase before and after polymerisation for 
experiments at different phase ratios. 
The values quoted in table 7.32 are w/w percentages based on the aqueous phase. As the 
weight of the aqueous phase changed between the experiments the figures are not easily 
comparable. Table 7.33 shows figures adjusted to the values they would be if they were based 
on 1 litre of water. 
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A 
B 
Figure 7.33 - Photographs of PVC particles from experiments at varying organic phase ratio. 
Photographs showing particles from: A -20% Phase Ratio of Organic B- 30% Phase Ratio 
of Organic. 
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Experiment. PVA Analysed PVA Analysed PVA Taken up by 
Before Reaction. After Reaction. Polymerisation. 
(% w/w). (% w/w). (% w/w). 
20% Organic 0.063 0.0043 0.0587 
40A% Organic >0.080 0.0040 >0.80 
Table 7.33 - PVA concentration in the aqueous phase before and after polymerisation for 
experiments at different phase ratios, figures adjusted to allow for different phase ratios. 
The only conclusion that can be drawn form this work is that the majority of the PVA is 
stripped from the aqueous phase as would be expected from earlier results. 
7.8.4 EFFECT OF PHASE RATIO ON PARTICLE POROSITY 
0 
The particle porosity was measured by nitrogen adsorption/desorption and the results are 
presented in table 7.34. 
Experiment Adsorption Volume (cc/ g). Desorption Volume (cc/ g). 
S2E3 (10% Organic) 0.007869 0.008027 
20% Organic 0.004882 0.017441 
40A% Organic 0.008312 0.030642 
Table 7.34 - Particle porosity for PVC samples from experiments at different phase ratios. 
Table 7.34 shows the porosity for experiments performed at different phase ratios. The result 
for experiment S2E3 from table 2.12 is also reproduced as that is the result for a phase ratio of 
10% using the same polymerisation recipe. 
The phase ratio would not be expected to effect the porosity of the product. The results for 
adsorption would appear to support this assumption but there is some evidence that increasing 
phase ratio might cause an increase in the porosity from the desorption results. 
7.8.5 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.8) 
" The size of the individual particles remains approximately constant as the phase ratio 
increases. 
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f 
" Extrapolation from the previous conclusion would lead us to believe that the size of the 
drops in the droplet suspension also remained approximately constant with increasing 
phase ratio. 
9 The degree of particle agglomeration increases with increasing phase ratio. 
" The degree of agglomeration appears to increase as the pH of the reacting system falls. 
This is an indirect result of increasing the phase ratio (more H+ ions are liberated). 
" Most of the PVA is stripped from the aqueous phase as would be expected. 
7.9 OTHER EXPERIMENTS 
This section details any other simulation experiments, mixing experiments or polymerisations 
that were performed. 
7.9.1 DIRECT ADDITION OF PVA TO THE REACTOR 
An experiment was performed where the PVA was weighed directly into the reactor. As was 
explained in section 7.3.2.4 the amount of PVA called for by the recipes and the amount of 
PVA actually present in the reactor often differ with less PVA being present than was 
intended. It is believed that this is due to the secondaries being partially insoluble in water and 
some of the PVA being removed via filtration of the concentrated PVA solutions before they 
were diluted foruse in the polymerisation experiments. 
In an attempt to study the effect this was having on the polymerising system it was decided to 
perform an experiment where the PVA was weighed directly into the reactor without being 
pre-dissolved and filtered. 
An attempt was made to repeat experiment S2E3 (see section 7.3.2 for details of this 
experiment) with a polymerisation time of 1 hour. The only change was the PVA was 
weighed directly into the reactor rather than being diluted from a concentrated solution. 
7.9.2 EFFECT OF DIRECT ADDITION OF THE PVA ON 
PARTICLE SIZE AND PARTICLE SIZE DISTRIBUTION 
The particle size distribution is shown in figure Ll in Appendix L. Comparison of the particle 
size distribution obtained here with that obtained from the earlier experiment using the same 
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recipe (see figure D13 in Appendix D) shows a plot of the same form. The experiment here 
appears to contain more very large agglomerates (many >900µm which is the cut off point of 
the particle sizing technique). 
7.9.3 EFFECT OF DIRECT ADDITION OF THE PVA ON PVA 
TAKE UP. 
The key to explaining the presence of these large agglomerates lies in the PVA take up which 
is shown in table 7.35 along with the PVA take up for the old experiment performed using the 
same recipe (experiment S2E3 1 Hour). 
Experiment. PVA Analysed PVA Analysed PVA Taken up by 
Before Reaction. After Reaction. Polymerisation. 
(% w/w). (% w/w). (% w/w). 
S2E3 1 Hour 0.055 0.0003 0.0547 
Direct PVA Addition 0.038 0.0230 ? 
Table 7.35 - PVA concentration in the aqueous phase before and after polymerisation for 
experiment adding PVA directly to the reactor. 
In the previous experiment (S2E3 1 -Hour) virtually all the PVA was stripped from the 
aqueous phase. However in the new experiment where the PVA was added directly to the 
reactor it would appear that the majority of the PVA remains in the aqueous phase. This is 
not actually the case. As the PVA was weighed directly into the reactor we know the overall 
PVA concentration must be 0.06% w/w (0.03% w/w KH17 and 0.03% w/w S404W) which 
leads to the question of where is the PVA initially? We know it is in the reactor but that it is 
not in the aqueous phase. It is believed that although the PVA may have appeared to dissolve 
a large part of it was actually present on the reactor walls as a gel like phase, this PVA would 
not be detected in the initial measurement of the PVA concentration and would also be 
unavailable for the reaction and this low concentration of PVA would account for the large 
agglomerates being formed. 
After the reaction the reactor is left to vent overnight to remove any residual VCM before it is 
opened and the product recovered. During this time it is believed that the PVA present on the 
reactor walls as a gel phase will dissolve in the aqueous phase resulting in the appearance of a 
considerable amount of PVA in the final aqueous sample. If we assume that virtually all of the 
PVA was stripped from the aqueous phase during the reaction (0.038% w/w) and that the 
PVA seen in the aqueous phase after the reaction was not present during the reaction and only 
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dissolved off the reactor walls later (0.023% w/w) then the overall concentration of PVA 
added to the reactor will be the sum of these two values (0.038+0.023=0.061% w/w) which is 
approximately the value of 0.06% w/w we know was added in the first place. 
The implication of this is that it is much better to add the PVA to the reactor as a pre 
dissolved solution than it is to add it as a solid product (or a viscous suspension in the case of 
secondaries supplied as a methanolic solution). 
7.9.4 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.9) 
" PVA's added directly to the reactor are likely to suffer from problems of poor dispersion. 
It is better to use pre-dissolved concentrated solutions rather than solid PVA's. 
7.10 INTERFACIAL TENSION MEASUREMENTS 
The Japanese test method was used for this work and details of the experimental procedure 
can be found in section 5.10 of chapter 5. 
7.10.1 PRIMARY AND SECONDARY PVA's USED ALONE 
In the first section of this work the primary PVA's were used alone. The PVA concentration 
was varied between 0.025% w/w and 0.2%w/w based on the aqueous phase and the results 
are shown in figure 7.34. 
Examination of the results obtained using Alcotex 72.5 and KH17 show good correlation with 
results obtained by Courtis, A. (unpublished) at E. V. C. 
Examination of figure 7.34 shows that the plots are of the form that would be expected with 
the interfacial tension falling as the concentration of stabiliser increases. The plots show that 
the primary suspension stabilisers act as better suspension stabilisers than the secondary 
suspension stabilisers as would be expected (we already know that a stable suspension cannot 
be formed in the presence of a secondary stabiliser alone (section 7.4.7.1)). This indicates that 
PVA's with a higher degree of hydrolysis act as better stabilisers than those with a lower 
degree of hydrolysis. 
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Figure 7.34 - Interfacial tension measurements for individual PVA's used alone. 
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The plots obtained using Alcotex 72.5 and KH17 are similar and these plots are too close to 
draw any firm conclusions from other than the fact that they are similar. However it does 
appear that the interfacial tension when Alcotex 72.5 is used is generally slightly lower than 
when KH17 is used (the exception is at low stabiliser concentrations). This would be 
expected as work by Stephenson, R. C. and Smallwood, P. V. (1989) studying the change in 
drop size with degree of hydrolysis of the PVA (see figure 2.9) showed that the minimum drop 
size (as a result of the lowest interfacial tension) occurred when the degree of hydrolysis of the 
PVA was 72.5%. However the plots showing S404W and S415WB do show an interesting 
result. They show that S415WB acts as a better suspension stabiliser than S404W. This 
indicates that blocky PVA's ought to act as better suspension stabilisers than random PVA's. 
As S404W and S415WB are manufactured from the same poly(vinyl acetate) feed stock it is 
possible to discount other possible causes like molecular weight and the degree of hydrolysis. 
It would also appear from the graphs that the plots of interfacial tension will eventually 
converge at very high PVA concentrations and that there will be a minimum interfacial tension 
value which it will not be possible to go below however much PVA is present. This result was 
confirmed indirectly by Zerfa, M. (1994) who discovered the drop size in a stabilised system 
approached a minimum value as the PVA concentration was increased and further increases in 
the PVA concentration had very little effect on the mean drop size. This would indicate that 
further increases in the PVA concentration do not reduce the interfacial tension beyond a 
certain point. 
7.10.2 PRIMARY AND SECONDARY PVA's USED IN 
COMBINATION 
Results obtained using a combination of primary and secondary suspension stabilisers are 
shown in figures 7.35 to 7.40. Plots showing the results for a constant concentration of the 
secondary PVA as the primary changes are shown in figures 7.35 and 7.36, plots showing the 
results for a constant concentration of the primary PVA as the secondary changes are shown 
in figures 7.37 and 7.38 and plots for when the overall concentration of the PVA remains 
constant are shown in figures 7.39 and 7.40. 
Comparison of the results using a primary and a secondary suspension stabiliser with those 
using just a single stabiliser shows that these systems are better at stabilising drops than 
systems using a single PVA. If the values of interfacial tension using 0.1% w/w of the primary 
stabiliser and 0.1% w/w of the secondary stabiliser are compared with the values for using 
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Interfacial Tension Measurements. 
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Figure 7.35 - Interfacial tension measurements 
for systems using a primary and secondary 
stabilier. Alcotex concentration varying with constant secondary PVA concentration. 
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Interfacial Tension Measurements. 
Varying S415WB Concentration. 
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Figure 7.36 - Interfacial tension measurements for systems using a primary and secondary 
stabilier. KH17 concentration varying with constant secondary PVA concentration. 
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Figure 7.37 - Interfacial tension measurements for systems using a primary and secondary 
stabilier. S404W concentration varying with constant primary PVA concentration. 
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Interfacial Tension Measurements. 
Varying KH 17 Concentration. 
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Figure 7.38 - Interfacial tension measurements for systems using a primary and secondary 
stabilier. S404W concentration varying with constant primary PVA concentration. 
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Interfacial Tension Measurements. 
Overall PVA Concentration Constant. 
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Figure 7.39 - Interfacial tension measurements for systems using a primary and secondary 
stabilier. Overall PVA concentration constant. 
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Interfacial Tension Measurements. 
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Figure 7.40 - Interfacial tension measurements for systems using a primary and secondary 
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0.2% w/w of a single PVA it will be seen that the values of the interfacial tension using a 
mixture of primary and secondary PVA's are lower. This is also confirmed by examination of 
figures 7.39 and 7.40 which show the interfacial tension when the overall concentration of 
PVA is kept constant at 0.2% w/w but the ratio of primary to secondary suspension stabiliser 
is varied. These plots are U shaped in nature indicating that a mixture of PVA's are better than 
a single PVA. 
Further examination of figures 7.39 and 7.40 would indicate that the worst case is when the 
secondary suspensions stabiliser is used alone as would be expected from the analysis of figure 
7.34 the next worst case is when the primary stabiliser is used alone. It is possible that there 
might be two troughs on these graphs giving two local minimum values but the graphs 
showing the results for KH17 as the primary stabiliser are not conclusive in this aspect and it is 
possible that experimental error could account for this although it is a trend that can be seen 
throughout the graphs. 
With Alcotex 72.5 as the primary stabiliser (figure 7.36) it would appear that the optimum 
ratio of Primary stabiliser to secondary stabiliser is approximately 75% primary stabiliser and 
about 25% secondary stabiliser with there being another localised minimum with 
approximately 25% primary stabiliser and about 75% secondary stabiliser. In the case where 
KH17 is the primary stabiliser this situation appears to be reversed with 75% secondary 
stabiliser and 25% primary stabiliser being the optimum and the case with 75% of the primary 
stabiliser and 25% of the secondary stabiliser being a localised minimum although this is 
debatable as figure 7.40 looks as if it might have an error in the value of interfacial tension at 
0.05% w/w KH17 and 0.15% w/w S415WB. 
Whatever is the case it. is clear that a mixture of PVA giving a wide range of degrees of 
hydrolysis between the different molecules acts as a better suspension stabiliser than a single 
PVA which will have a much narrower range of degrees of hydrolysis between the different 
molecules. 
Drop size is known to be a function of interfacial tension and the Japanese test method uses 
the drop volume in order to calculate the interfacial tension. Examination of equation 5.4 in 
section 5.10.5 of chapter 5 shows that the interfacial tension is proportional to the drop 
volume therefore as the interfacial tension decreases the drop volume (and hence the drop 
diameter) will also decrease. 
Most of the results obtained in this section of work seem to confirm the earlier results 
presented in section 7.3 where the effects of the choice of suspension stabiliser on the drop 
7-115 
Chapter 7. Results and Discussion. 
size and drop size distribution was examined. The exception to this is that blocky secondary 
PVA's give a lower interfacial tension (smaller drop volume) than their randomly hydrolysed 
counterparts, this is the opposite of the results found in the polymerisation work carried out 
earlier (section 7.3) where the randomly hydrolysed secondary PVA's gave smaller drop sizes 
than their blocky counterparts. 
Fabini, M. et. al. (1994) also discovered that PVA's with their unreacted acetate groups in a 
blocky arrangement were "better behaved" as protective colloids. These results may be the 
result of time effects rather than genuine stabilisation ability. In the Japanese test method the 
PVA has only about one second to stabilise the drops whereas we already know that some 
PVA's (particularly KH17) can take over 30 minutes to fully stabilise a suspension. In a short 
time period we would expect the PVA's which are the least soluble in water (and thus most 
soluble in the organic phase) to be taken up the most quickly and as a result it may appear that 
these stabilisers appear to be more effective than they actually are. The least soluble PVA's in 
water are blocky, low molecular weight PVA with a low degree of hydrolysis like S415WB. 
Fabini, M. et. al. (1994) also stated that as the surface tension of PVA aqueous solutions are 
almost constant even if other characteristics parameters are changed, therefore measuring the 
surface tension cannot be used as a reliable method for PVA characterisation. 
The work presented here would appear to indicate that the interfacial tension of aqueous PVA 
solutions do vary. This demonstrates that although interfacial tension cannot be used as a 
means to classify PVA's directly it can be used as a tool to make comparative statements about 
their properties as suspension stabilisers although solubility and time effects may distort the 
results. 
7.10.3 CONCLUSIONS FROM THIS SECTION OF WORK 
(SECTION 7.10) 
" The degree of hydrolysis appears to be the most important factor in determining the 
interfacial tension. 
" The optimum degree of hydrolysis of a PVA for reducing the interfacial tension appears to 
be about 72.5%, this agrees with the results of other workers (Stephenson, R. C. and 
Smallwood, P. V. (1989)). 
" Blocky secondary PVA's reduce the interfacial tension by a greater degree than their 
randomly hydrolysed counterparts. 
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"A mixture of PVA's giving a wide range of the degrees of hydrolysis between the different 
molecules acts as a better suspension stabiliser than a single PVA with a much lower range 
of the degrees of hydrolysis between the different molecules. 
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The objectives of this present research project were to investigate the possibility of 
understanding some of the parameters which are believed to have the greatest influence on the 
particle size and particle morphology during the suspension polymerisation process. This 
work can roughly be divided into three sections, mixing experiments, polymerisation 
experiments and finally interfacial tension measurements. 
The first section of work involved mixing experiments using both toluene and vinyl chloride as 
the dispersed phase in an aqueous phase containing PVA's as suspension stabilisers and any 
conclusions in this section apply to both toluene and vinyl chloride suspensions. The 
conclusions from the polymerisation work in later sections (sections 7.3 and 7.4) apply to vinyl 
chloride suspension polymerisation. 
8.1 SPECIFIC CONCLUSIONS FROM MIXING WORK 
" The average drop size decreases with increasing impeller speed (this is more pronounced 
at low impeller speeds). I 
" The average drop size in an established dispersion does not increase if the agitation speed 
is reduced, the old, smaller drop size is maintained. 
" The drop size distribution becomes narrower with increasing impeller speed (this is more 
pronounced at low impeller speeds). 
" The drop size distribution does not become wider if the impeller speed is reduced, the old, 
narrower drop size distribution is maintained. 
" The mechanism for drop formation appears to be breakage controlled rather than 
coalescence controlled. 
" PVA's take some time to stabilise suspensions whilst the PVA molecules rearrange at the 
water-organic interface, this is most noticeable with KH 17. 
" PVA's with a lower molecular weight act faster than those with a higher molecular weight. 
It is thought that this is due to the time take for rearrangement of the molecules at the 
water-organic interface. 
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" PVA's with a lower degree of hydrolysis act as "better" suspension stabilisers than those 
with a higher degree of hydrolysis. This means they produce smaller drops of a more 
uniform size due to lowering the interfacial tension between the two phases. 
" PVA's with a lower degree of hydrolysis also produce more unstable suspensions so the 
"best" suspension stabiliser is a mixture of PVA's with a low and a high degree of 
hydrolysis which gives stable drops of uniform size. 
8.2 GENERAL CONCLUSIONS FROM MIXING WORK 
This section concentrated on the initial mixing and the formation of the droplet suspension 
prior to polymerisation without actually performing the polymerisation reaction itself. From 
these early studies several important facts were discovered. The early results concerning the 
decrease in drop size and drop size distribution with increasing impeller speed were well 
known beforehand and confirm those results obtained by Zerfa, M (1994). It was also 
discovered that the mechanism controlling the drop size and drop size distribution was a 
breakage controlled process which also confirmed the results of Zerfa. M. (1994). These 
results were extended to show that the formation of a drop size distribution is an irreversible 
process, once the drops have been created and stabilised a reduction in the mixing intensity of 
the system does not result in coalescence of the drops. The suspension stabilisers were also 
discovered to be quite slow acting. Generally it is assumed in the literature that the stabilisers 
are taken up and stabilise the drops in a matter of minutes but it was discovered that some of 
the stabilisers could take in excess of 30 minutes to completely stabilise a suspension. 
8.3 SPECIFIC CONCLUSIONS FROM POLYMERISATIONS 
"A randomly hydrolysed secondary PVA gives more small drops than a blockily hydrolysed 
PVA. This conclusion can be extended to cover the primary PVA's as well. 
" Experiments using a primary and a secondary suspension stabiliser produce smaller drops 
of a more uniform size than those using just a primary suspension stabiliser for the same 
overall concentration of PVA. This confirms that PVA's with a wide range in the degree 
of hydrolysis form the "best" suspensions (those containing small drops of a uniform size). 
" The initial drop size and drop size distribution is maintained through the polymerisation 
process and affects the particle size and particle size distribution of the polymer product. 
" There is a correlation between the number of small particles (<1-2µm) stuck to the surface 
of the larger particles and the degree of agglomeration. As the degree of material stuck to 
the particle surface increases agglomerates are more likely to be formed in the reactor. 
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" It is probable that this small material is formed by 2 different mechanisms. One is emulsion 
polymerisation occurring alongside the suspension process and the other is via 
vaporisation and reflux of the monomer depositing primary particles into the aqueous 
phase. 
" The use of blocky PVA's such as Alcotex 72.5 reduces the amount of small material on the 
surface of the larger particles and thus helps to prevent particle agglomeration. 
" Randomly hydrolysed PVA's give a more porous product that their blocky equivalents. 
" It also appears that a rougher particle surface with more material stuck to it gives higher 
porosity. This implies that in order to achieve a highly porous product a rough particle 
surface is desirable. 
"- Virtually all of the PVA is stripped from the aqueous phase, this occurs within the first 
hour of the reaction. 
" The PVA has been shown to effect the particle size, appearance, agglomeration and 
porosity. Therefore it follows from the last conclusion that these properties must be 
determined within the first hour of the polymerisation. 
" The results for drop size distribution appear to show excellent reproducibility indicating 
that experimental error is minimal despite the small sample size (300 drops). 
" The particle size distributions obtained are a function of the polymerisation process and are 
not effected by the downstream processing. 
" Reducing the pH by increasing the concentration of H+ ions results in a small increase in 
the mean drop size. 
" Increasing the pH by increasing the concentration of OH- ions results in a rapid increase in 
the mean drop size until suspension failure occurs. 
" Reducing the pH by increasing the concentration of H+ ions results in a small increase in 
the degree of agglomeration of the product. 
" This increase in the degree of agglomeration at high H+ ion concentration may explain the 
increased agglomeration observed in industrial plants when compared to the laboratory 
apparatus at Loughborough, University. The industrial plants operate at a higher phase 
ratio so more H+ ions are liberated during the reaction casing the pH to fall to a greater 
degree. 
" Increasing the pH by increasing the concentration of OH- ions results in a rapid increase in 
the particle size of the polymer product. 
" Drop stability decreases with increasing pH, low pH has little effect but the suspension 
rapidly becomes unstable at high pH. 
" High pH results in bad fouling of the reactor (due to suspension instability). 
" Reducing the pH by increasing the concentration of H+ ions has no noticeable effect on 
the degree of conversion but increasing the pH by increasing the concentration of OH' 
ions results in a slight inhibition of the reaction. 
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" As pH increases the degree of agglomeration between the particles decreases. 
" The decrease in agglomeration as the pH increases in related to a change in the particle 
appearance. At low pH the particles have a large amount of small material stuck to their 
surface, at high pH the quantity of small material is reduced and much of that which is 
present is present as individual particles. 
" Porosity decreases with increasing polymerisation time. This can be explained by the way 
the internal structure of the PVC particles forms during the polymerisation process. 
" High pH inhibits the take up of PVA from the aqueous phase and this is believed to 
prevent the formation of the pericellular membrane. The result of this is that drops are 
able to coalesce freely and the polymer particles have a low porosity. 
" At high pH the OH- ions bind to sites on either the PVA molecules or sites at the 
aqueous/organic interface before the PVA has time to stabilise the drops. 
" If alkali is added to pre-stabilised suspension the PVA has already bound to the 
aqueous/organic interface and the alkali has no effect on the drop size or drop size 
distribution. 
" The rate of reactor heat up appears to have no effect on the polymerising system other 
than increasing the degree of conversion due to increasing the effective polymerisation 
time (initiation will be faster as the reaction temperature is reached in a shorter time). 
" Placing the secondary PVA in the organic phase appears to have little effect on the 
polymerising system. This indicates that transport of the secondary stabiliser from its 
initial location is relatively rapid and that transport phenomena involving the secondary 
PVA do not control the initial stages of the reaction. 
" Adding small amounts of oxygen to the reactor seems to have little if any effect on the 
drop size distribution or the polymer product. This shows that oxygen does not have any 
effect on the ability of the PVA to stabilise the reacting system although it might inhibit the 
initiation of the reaction slowing down initiation and eventually stopping it all together if 
the oxygen level was high enough. 
" Simultaneously charging both phases to the reactor seems to have little effect on the 
droplet suspension or the polymerising system. 
9 Delaying addition of the primary PVA causes the system to be unstable. A stable 
suspension cannot be created in the presence of the secondary PVA alone. 
9 The size of the individual particles remains approximately constant as the phase ratio 
increases. 
" Extrapolation from the previous conclusion would lead us to believe that the size of the 
drops in the droplet suspension also remain approximately constant with increasing phase 
ratio. 
9 The degree of particle agglomeration increases with increasing phase ratio. 
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" The degree of agglomeration appears to increase as the pH of the reacting system falls. 
This is an indirect result of increasing the phase ratio (more H+ ions are liberated). 
" PVA's added directly to the reactor are likely to suffer from problems of poor dispersion 
so it is better to use pre dissolved concentrated solutions rather than solid PVA's. 
8.4 GENERAL CONCLUSIONS FROM POLYMERISATIONS 
The main area of study in this work centred around the polymerisation of VCM to form PVC. 
The aim of the project was to study the effect of several variables in the polymerising system 
and try to establish links between these variables and the properties of the polymer product. 
It has been shown that the initial droplet suspension is maintained throughout the 
polymerisation process. The formation of the suspension can be aided by using a mixture of 
primary and secondary PVA's which give a suspension containing small drop of a uniform size. 
Using a randomly hydrolysed PVA results in the production of a more porous product which 
has a large amount of small material stuck to the surface of the particles. The presence of this 
small material leads to agglomeration of the polymer particles. The choice of PVA also effects 
the visual appearance of the polymer particles. 
Changing the pH of the reaction has some remarkable effects. Reductions in the pH only led 
to minor changes in the properties of the polymerising system but increases in the pH led to 
rapid increases in the drop size and a decrease in the stability of the suspension. Other 
changes to the polymerising system appeared to have only minimal effects on the polymer 
product although the drop size distributions were discovered to be more resilient to 
perturbations in the environmental conditions than the particle size distributions were. 
8.5 SPECIFIC CONCLUSIONS FROM INTERFACIAL TENSION 
MEASUREMENTS 
" The degree of hydrolysis appears to be the most important factor in determining the 
interfacial tension. 
" The optimum degree of hydrolysis of a PVA for reducing the interfacial tension appears to 
be about 72.5%, this agrees with the results of other workers (Stephenson, R. C. and 
Smallwood, P. V. (1989)). 
" Blocky PVA's reduce the interfacial tension by a greater degree than their randomly 
hydrolysed counterparts. 
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"`A mixture of PVA's giving a wide range of the degrees of hydrolysis between the different 
molecules acts as a better suspension stabiliser than a single PVA with a much lower range 
of the degrees of hydrolysis between the different molecules. 
8.6 GENERAL CONCLUSIONS FROM INTERFACIAL TENSION 
MEASUREMENTS 
Attempts to use interfacial tension as a method for classifying PVA's are fraught with 
problems. However it would appear that interfacial tension can be used a means to make 
comparative statements about the properties of different PVA's so this method could be used 
for initial selection of PVA's for their stabilisation properties by comparison to a standard. 
However it has already been discovered that the suspension is more resilient than the 
polymerising system to changes in the environmental conditions so it would appear that to be 
sure of the properties of a particular PVA it is necessary to perform a polymerisation 
experiment. 
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9.1 SUGGESTIONS FOR FUTURE WORK 
This section is split into two parts. The first section is general suggestions for future work and 
the second section details specific suggestions relating to points raised in chapter 7, the results 
and discussion. 
9.1.1 GENERAL SUGGESTIONS 
1- Chemical analysis of the PVA's. 
A- In section 7.3.2.1 it is proposed that KH17 has a more randomly hydrolysed structure than 
Alcotex 72.5. 
B- The exact degree of hydrolysis of S404W and S415WB is currently unknown (although it 
is known to be below 60%). The degree of hydrolysis of these PVA's could be determined by 
reacetylation techniques. 
C- Although degrees of hydrolysis and molecular weight are known for some of the PVA's 
these values are average values. It would be interesting to determine the range of these 
properties. This may be possible using GPC (Gas Permeation Chromatography) techniques. 
2- Determination of when the PVA take up occurs. 
In nearly all the experiments performed (the exception being those performed at high pH) the 
majority of the PVA was stripped from the aqueous phase within the first half hour of the 
reaction. It is currently unknown whether this occurs when the droplet suspension is formed 
or when the polymerisation starts. Some work performed by Zerfa, M. (1994) appeared to 
indicate that this stripping of PVA occurred as the reaction commenced 
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In order to answer this question it would be necessary to take a sample of the reactor contents 
before polymerisation starts and then separate the organic and aqueous phases whilst the 
sample remains under pressure to prevent the organic phase flashing off and depositing its 
PVA back into the aqueous phase. 
3- Effects of initiator. 
The same initiator has been used throughout this work so any effects attributable to the 
initiator have been undetectable. However the initiator can effect the properties of the 
suspension (Davidson, J. A. and Witenhafer, B. F. (1980)) so studying the effects of the 
initiator on the properties of the droplet suspension is possible. 
4- Effects of PVA concentration. 
Current polymerisation work using a combination of PVA's has used 50% w/w of the primary 
PVA and 50% w/w of the secondary PVA. The results presented in section 7.10 would 
appear to indicate that a 50: 50 mixture of the PVA's might not be the best combination. 
Therefore it would be desirable to study the effect of varying the ratio between the 
concentration of the primary and secondary PVA to study the effect this has on the drop and 
particle size distributions. 
9.1.2 SPECIFIC SUGGESTIONS RELATING TO WORK 
ALREADY PERFORMED 
1- Mixing simulations. 
In the work performed in sub-sections of section 7.1 it was suggested that 30 minutes may not 
have been long enough for a suspension to become fully stabilised in the presence of KH17 
and this suggestion was confirmed in section 7.1.3. The explanation for this was that the 
KH17 molecules took considerable time to re-arrange themselves on the surface of the drops 
because they are large, cumbersome molecules with a very high molecular weight (259000) 
indicating that PVA's with a lower molecular weight may act faster than those with a higher 
molecular weight. 
Osmondroyd, S. (1988) stated that changes in the degree of hydrolysis at a fixed molecular 
weight have a much greater effect than changes in the molecular weight at a fixed degree of 
hydrolysis. In order to check the hypothesis that the effects observed in this work were a 
function of the molecular weight of the PVA molecules it would be desirable to perform a 
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series of mixing simulations using PVA's with the same degree of hydrolysis but differing 
molecular weights. (It may be difficult to obtain the PVA's required to perform this work and 
in house synthesis my be required). 
2- Determining the origin of the small particles. 
Several of the polymerisation experiments showed a significant number of small particles stuck 
to the surface of the larger ones giving them a "fuzzy" appearance. This was first noticed in 
section 7.3.1.3 and three theories were proposed for their formation. These theories were that 
they were formed by emulsion polymerisation occurring alongside the suspension process, that 
they were formed by evaporation and reflux from the reactor lid depositing primary particles in 
the aqueous phase or that they were formed by aqueous phase polymerisation. 
In section 7.3.2.2 it is proposed that these small particles are produced by evaporation and 
reflux from the reactor lid but in section 7.3.2.3 it is proposed that they are formed by 
emulsion polymerisation occurring alongside the suspension process indicating that the two 
mechanisms are working side by side. In order to determine the source of these small particles 
and the effect that each of the possible mechanisms plays in their formation it is proposed that 
a series of experiments be performed using varying degrees of reflux controlled by the reflux 
condenser attached to the reactor. 
3- Determination of drop mixing with respect to drops produced via reflux from the reactor 
lid. 
In section 7.3.2.2 it is noted that the photographs of the droplet suspension during the 
polymerisation reaction shows that the initiator appears to be unevenly distributed in some of 
the experiments and the possible explanations for this are discussed there. Zerfa, M. (1994) 
performed some work determining the fate of drops returning to the system after the initial 
suspension had been formed by adding a sample of monomer containing dyed drops to a 
suspension. This work was performed using primary suspension stabilisers and it may now be 
desirable to extend these studies to include recipes using a combination of primary and 
secondary PVA's 
4- Final location of the secondary PVA. 
In section 7.3.2.5 it is speculatively proposed that the secondary PVA does not enter the drop 
to effect the porosity but effects the porosity indirectly by influencing the properties of the 
pericellular membrane. In order to check this theory it would be necessary to determine if 
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PVA is present within the polymer particle at the end of the reaction. This will be difficult as 
it will mean separating the polymer inside the particle from the pericellular membrane (which is 
known to contain a graft co-polymer of VCM and PVA). It may be possible to perform this 
by dissolving the PVC using THF. Davidson, J. A. and Witenhafer, D. E. (1980) did this and 
then analysed the pericellular membrane which remained for PVA using a boric acid/iodine 
complex. Instead of this, the dissolved PVC could be analysed although there are problems 
presented by the solubility of the THE containing the PVC in the aqueous boric acid solution. 
5- Effects of added oxygen. 
In section 7.4.5 the effects of adding small amounts of oxygen to the reactor were examined. 
This was achieved by as a single experiment but it would be possible to carry out a more 
detailed study on the inhibitory effects of oxygen within the reactor. 
6- Delaying addition of the primary PVA. 
In section 7.4.7 the addition of the primary PVA was delayed and this was discovered to 
produce a highly unstable suspension. It would be possible to delay a proportion of the 
primary PVA to study the effects of adding a portion of the PVA at a later time. The effects 
of both the time delay in adding the PVA and the effects of the proportion of the PVA delayed 
could be investigated. 
7- Performing polymerisations at low pH and high phase ratio. 
Industrially produced polymers made using the same stabiliser recipes produce a much more 
agglomerated product than the product produced by the laboratory apparatus and the reason 
for this has been unclear although it was usually attributed to the higher phase ratio used in 
industrial plants. In section 7.6.2 it is believed that a decrease in the pH (an increase in the 
concentration of H+ ions) leads to a more agglomerated product. As the polymerisation 
progresses, H+ ions are liberated and the pH of the reactor contents falls. Generally the pH of 
the reacting system in the laboratory apparatus falls by only 0.1 to 0.2 during a reaction 
whereas the pH of the reacting system in an industrial plant may fall by 3 to 4 due to the much 
higher monomer concentrations present (resulting in more H+ ions being liberated). It is 
believed that the increased degree of agglomeration is linked to the phase ratio but that this 
may be an indirect effect caused by the liberation of a greater concentration of H+ ions rather 
than a direct one. In order to check this theory some polymerisations need to be performed at 
low pH with a high phase ratio. 
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Figure A1- Effect of suspension stabiliser on the cumulative drop size distribution of a toluene 
suspension at 250 RPM. 
A-2 
Appendix A. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distribution. 
Effect of Stabiliser at 500 RPM. 
U 
a) 
C3" 
a) 
a) 
cý 
U 
100 
80 
60 
40 
20 
0 
-- Ir .1..................................... 
- -0- -i ..................................... 
---------------------------------------- 
0 50 100 150 200 250 300 350 
Drop Diameter (Microns). 
-I- Alcotex 72.5,0.02%w/w 
-ý- KH17,0.02%w/w 
-- Alcotex 72.5,0.01 %w/w, KH 17,0.01 %w/w 
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Figure A3 - Effect of suspension stabiliser on the cumulative drop size distribution of a toluene 
suspension at 750 RPM. 
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Figure A4 - Effect of mixing speed on the cumulative drop size distribution of a toluene 
suspension with 0.02% w/w KH17 as the suspension stabiliser. 
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Figure A5 - Effect of mixing speed on the cumulative drop size distribution of a toluene 
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Figure A6 - Effect of mixing speed on the cumulative drop size distribution of a toluene 
suspension with a mixture of 0.01 % w/w KH 17 and 0.01 % w/w Alcotex 72.5 as the 
suspension stabilisers. 
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Figure A7 - Effect of mixing time on the cumulative drop size distribution of a toluene 
suspension with 0.02% w/w KH17 as the suspension stabiliser. 
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Figure B1- Effect of suspension stabiliser on the cumulative drop size distribution of a VCM 
suspension at 250 RPM after 30 minutes. 
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suspension at 250 RPM after 60 minutes. 
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Figure B3 - Effect of suspension stabiliser on the cumulative drop size distribution of a VCM 
suspension at 500 RPM after 30 minutes. 
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Figure B4 - Effect of suspension stabiliser on the cumulative drop size distribution of a VCM 
suspension at 500 RPM after 60 minutes. 
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Appendix B. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Effect of Stabiliser, 750RPM, 30 Mins. 
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Figure B5 - Effect of suspension stabiliser on the cumulative drop size distribution of a VCM 
suspension at 750 RPM after 30 minutes. 
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Appendix B. Cumulative Droll Size Distributions. 
Cumulative Drop Size Distributions. 
Effect of Stabiliser, 750RPM, 60 Mins. 
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Figure B6 - Effect of suspension stabiliser on the cumulative drop size distribution of a VCM 
suspension at 750 RPM after 60 minutes. 
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Appendix B. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Mixing Speed Effects on KH17. 
100 
80 KV -------------------- 
Ü 
60 ----- --------------------------------- 
.? 40 
I 
Ü 20 
0 
N\ 4111 ................................... 
--. 411fli ------------------------------------- 
0 50 100 150 
Drop Diameter (Microns). 
200 
-"- 250 RPM (30 Minutes). -e- 250 RPM (60 Minutes). 
-ý- 500 RPM (30 Minutes). -°- 500 RPM (60 Minutes). 
-A-- 750 RPM (30 Minutes). -ý- 750 RPM (60 Minutes). 
Figure B7 - Effect of mixing speed and time on the cumulative drop size distribution of a 
VCM suspension stabilised with 0.06% w/w KH17. 
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Appendix B. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Mixing Speed Effects on Alcotex 72.5. 
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Figure B8 - Effect of mixing speed and time on the cumulative drop size distribution of a 
VCM suspension stabilised with 0.06% w/w Alcotex 72.5. 
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Appendix B. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Mixing Speed Effects, KH17+Alc. 72.5. 
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Figure B9 - Effect of mixing speed and time on the cumulative drop size distribution of a 
VCM suspension stabilised with a mixture of 0.03% w/w KH17 and 0.03% w/w Alcotex 72.5. 
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Appendix B. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Mixing Speed Effects, KH17+S404W. 
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Figure B 10 - Effect of mixing speed and time on the cumulative drop size distribution of a 
VCM suspension stabilised with a mixture of 0.03% w/w KH17 and 0.03% w/w S404W. 
B-11 
Appendix C. 
Cumulative Drop Size Distributions. 
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Appendix C Cumulative Drop Size Distributions. 
Cunulative Drop Size Distributions. 
Primary PVA Recipes. 
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Figure Cl - Cumulative drop size distributions 
for experiments S1E1 and S1E2. 
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Appendix C. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Primary and Secondary PVA Recipes. 
i- 
N 
E 
O 
. r, 
cý 
U 
--------------"--"---- I- --"- ýf ............. 
--------------------t.. -FI--4-------- 
...................... 
------------------- 
------------------ 
-I-- S2E1 (Alcotex 72.5 and S404W). 
-ý- S2E2 (Alcotex 72.5 and S415WB). 
-e- S2E3 (KH17 and S404W). 
-13- S2E4 (KH17 and S415WB). 
0 20 40 60 80 
Drop Diameter (Microns). 
100 
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Cumulative Drop Size Distributions. 
Primary and Secondary PVA Recipes. 
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Figure C3 - Cumulative drop size distributions for experiments S3E1, S3E2, -S3E3 and 
S3E4. 
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Appendix C. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Primary and Secondary PVA Recipes. 
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Figure C4 - Cumulative drop size distributions for experiments S2E1 1 Hour, S2E2 1 Hour, 
S2E3 1 Hour and S2E4 1 Hour. 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S1E1. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.06 % w/w Alcotex 72.5 based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.06 % w/w based on the aqueous phase. 
After 0.005 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 57% 
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Figure D1 - Particle size distribution for experiment S1E1. 
Statistical Data. 
%<. 10 25 50 75 90 
Size (9m) 50.47 70.84 109.2 214.6 389.1 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 171.3 µm 
Median 109.2 µm 
Mean/Median Ratio 1.596 
Mode 80.61 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-483 gm 
159 µm 
2.52x104 µm2 
1.98 Right Skewed 
3.99 Leptokuric 
D-2 
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Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.03 0.00 25.83 0.80 2.86 
0.564 0.05 0.03 33.94 3.17 3.66 
0.741 0.09 0.09 44.60 8.73 6.83 
0.974 0.11 0.17 58.61 14.62 15.56 
1.280 0.13 0.29 77.02 15.92 30.18 
1.682 0.14 0.42 101.2 12.92 46.08 
2.210 0.15 0.56 133.0 9.77 59.03 
2.905 0.16 0.71 174.8 8.18 68.80 
3.817 0.16 0.86 229.7 7.32 76.98 
5.016 0.17 1.02 301.8 6.10 84.31 
6.591 0.21 1.19 396.6 4.49 90.40 
8.661 0.28 1.40 521.2 3.08 94.89 
11.38 0.37 1.68 684.9 1.46 97.97 
14.96 0.41 2.05 900.0 *** 100.00 
19.65 0.39 2.47 **** *** **** 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment SlE2. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.06% w/w KH17 based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.1 % w/w based on the aqueous phase. 
After 0.003 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 44% 
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Figure D2 - Particle size distribution for experiment S 1E2. 
Statistical Data. 
10 
%<, 10 25 50 75 90 
Size (µm) 24.41 49.23 72.27 108.5 220.4 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 108.5 µm 
Median 72.27 µm 
Mean/Median Ratio 1.501 
Mode 73.59 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
D-4 
0-358 µm 
127 µm 
1.62x104 µm2 
3.27 Right Skewed 
Leptokuric 
Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.09 0.00 25.83 3.22 10.46 
0.564 0.16 0.09 33.94 7.06 13.68 
0.741 0.24 0.25 44.60 14.30 20.74 
0.974 0.31 0.49 58.61 19.71 35.04 
1.280 0.36 0.8 77.02 17.12 54.75 
1.682 0.41 1.16 101.2 10.11 71.87 
2.210 0.46 1.57 133.0 5.12 81.98 
2.905 0.52 2.02 174.8 3.38 87.10 
3.817 0.58 2.54 229.7 2.81 90.48 
5.016 0.65 3.12 301.8 2.23 93.29 
6.591 0.78 3.77 396.6 1.75 95.53 
8.661 1.02 4.55 521.2 1.46 97.27 
11.38 1.30 5.57 684.9 0.88 98.73 
14.96 1.59 6.87 900.0 *** 100.00 
19.65 2.00 8.46 **** *** **** 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E1. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03% w/w Alcotex 27.5 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.035 % w/w based on the aqueous phase. 
After 0.002 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 47% 
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Figure D3 - Particle size distribution for experiment S2E1. 
Statistical Data. 
i0 
%c 10 25 50 55 90 
Size (4m) 53.51 98.58 245.8 368.6 493.3 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 257.7 tm 
Median 245.8 µm 
Mean/Median Ratio 1.049 
Mode 315.9 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
D-6 
0-592 µm 
171 µm 
2.91 x104 µm2 
0.60 Right Skewed 
-0.187 Platykuric 
Appendix D. Particle Size Distributions. 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.02 0.00 25.83 0.92 2.21 
0.564 0.04 0.02 33.94 3.09 3.13 
0.741 0.06 0.06 44.60 6.07 6.22 
0.974 0.09 0.13 58.61 7.22 12.29 
1.280 0.10 0.21 77.02 6.03 19.51 
1.682 0.12 0.32 101.2 4.72 15.54 
2.210 0.13 0.43 133.0 5.86 10.26 
2.905 0.13 0.56 174.8 10.37 36.12 
3.817 0.14 0.69 229.7 15.80 46.50 
5.016 0.15 0.83 301.8 17.17 62.29 
6.591 0.18 0.98 396.6 12.69 79.46 
8.661 0.23 1.16 521.2 6.46 92.14 
11.38 0.27 1.40 684.9 1.31 98.60 
14.96 0.26 1.67 900.0 *** 100.00 
19.65 0.28 1.92 **** *** **** 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E2. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03% w/w Alcotex 72.5based on the aqueous phase. 
Secondary 0.03% w/w S415WB based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.047% w/w based on the aqueous phase. 
After 0.0013 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 56% 
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Figure D4 - Particle size distribution for experiment S2E2. 
Statistical Data. 
qa < 10 25 50 75 90 
Size (µm) 40.99 60.64 115.2 236.8 371.0 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
167.7 µm 
115.2 µm 
1.456 
61.34 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-450 µm 
144 µm 
2.08 x104 µm2 
1.53 Right Skewed 
2.93 Leptokuric 
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Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.02 0.00 25.83 2.60 3.39 
0.564 0.03 0.02 33.94 6.55 5.99 
0.741 0.05 0.05 44.60 10.97 12.55 
0.974 0.06 0.09 58.61 12.00 23.51 
1.280 0.08 0.15 77.02 10.24 35.51 
1.682 0.09 0.23 101.2 8.91 45.75 
2.210 0.10 0.32 133.0 9.17 54.66 
2.905 0.12 0.42 174.8 10.06 63.83 
3.817 0.14 0.54 229.7 9.90 73.89 
5.016 0.17 0.69 301.8 7.95 83.79 
6.591 0.23 0.86 396.6 5.01 97.74 
8.661 0.33 1.09 521.2 2.49 96.75 
11.38 0.45 1.42 684.9 0.65 99.25 
14.96 0.57 1.87 900.0 *** 100.00 
19.65 0.95 2.43 **** *** **** 
11 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E3. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.05 % w/w based on the aqueous phase. 
After 0.0014 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 44% 
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Figure D5 - Particle size distribution for experiment S2E3. 
Statistical Data. 
%c 10 25 50 75 90 
Size (µm) 30.29 43.64 101.4 237.6 462.2 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 95% Confidence Limits 
Mean 172.1 µm Standard Deviation 
Median 101.4 µm Variance 
Mean/Median Ratio 1.698 Skewedness 
Mode 42.62 µm Kurtosis 
0-526 µm 
181 µm 
3.26 x104 µm2 
1.72 Right Skewed 
2.72 Leptokuric 
D-10 
Particle Diameter (um) 
Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.11 0.00 25.83 7.14 6.58 
0.564 0.17 0.11 33.94 12.37 13.71 
0.741 0.23 0.28 44.60 11.31 26.08 
0.974 0.27 0.51 58.61 7.06 37.39 
1.280 0.26 0.78 77.02 5.51 44.45 
1.682 0.23 1.04 101.2 6.68 49.96 
2.210 0.20 1.27 133.0 8.39 56.64 
2.905 0.20 1.47 174.8 8.94 65.03 
3.817 0.23 1.67 229.7 8.13 73.97 
5.016 0.29 1.9 301.8 6.51 82.09 
6.591 0.39 2.19 396.6 4.84 88.60 
8.661 0.49 1.58 521.2 3.66 93.44 
11.38 0.53 3.07 684.9 2.01 97.10 
14.96 0.72 3.60 900.0 *** 100.00 
19.65 2.26 4.32 **** *** **** 
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Appendix D. Particle Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E4. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03% w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.048 % w/w based on the aqueous phase. 
After 0.0003 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 57% 
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Figure D6 - Particle size distribution for experiment S2E4. 
Statistical Data. 
0 
%< 10 25 50 75 90 
Size (µm) 64.54 118.4 202.1 313.2 477.7 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 242.0 µm 
Median 202.1 tm 
Mean/Median Ratio 1.198 
Mode 219.4 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
D-12 
0-579 µm 
172 µm 
2.95x104 µm2 
1.38 Right Skewed 
1.86 Leptokuric 
Appendix D. Particle Size Distributions 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.00 0.00 25.83 0.58 0.71 
0.741 0.00 0.00 33.94 1.66 1.30 
0.974 0.00 0.00 44.6 4.78 2.96 
1.280 0.01 0.00 58.61 6.31 7.74 
1.682 0.01 0.01 77.02 6.28 14.04 
2.210 0.02 0.02 101.2 8.89 20.32 
2.95 0.03 0.05 133.0 12.65 29.21 
3.817 0.04 0.08 174.8 15.83 41.87 
5.016 0.05 0.12 229.7 15.56 57.70 
6.591 0.05 0.16 301.8 11.53 73.27 
8.661 0.06 0.21 396.6 7.13 84.80 
11.38 0.07 0.27 521.2 4.75 91.93 
14.96 0.11 0.34 684.9 2.37 96.68 
19.65 0.26 0.45 900.0 *** 100.00 
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Appendix D. Particle Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S3El. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.25 % w/w Alcotex 72.5 based on the dispersed phase. 
Secondary 0.035% w/w S404W based on the dsipersed phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.035 % w/w based on the aqueous phase. 
After 0.0008 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 60% 
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Figure D7 - Particle size distribution for experiment S3E1. 
Statistical Data. 
0 
%< 10 25 50 75 90 
Size (m) 57.44 103.3 280.0 497.2 694.3 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 324.8 µm 
Median 280.0 µm 
Mean/Median Ratio 1.160 
Mode 454.6 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
D-14 
0-794 µm 
239 µm 
5.72x 104 µm2 
0.60 Right Skewed 
-0.75 Platykuric 
Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.00 0.00 25.83 0.85 1.47 
0.564 0.00 0.00 33.94 2.69 2.32 
0.741 0.01 0.01 44.60 5.47 5.01 
0.974 0.02 0.02 58.61 7.17 10.49 
1.280 0.03 0.03 77.02 6.90 17.65 
1.682 0.04 0.06 101.2 5.98 24.55 
2.210 0.06 0.10 133.0 5.86 30.53 
2.905 0.07 0.15 174.8 7.07 36.39 
3.817 0.09 0.23 229.7 9.37 43.46 
5.016 0.11 0.32 301.8 11.67 52.83 
6.591 0.14 0.43 396.6 12.71 54.51 
8.661 0.18 0.57 521.2 12.23 77.22 
11.38 0.22 0.75 684.9 7.35 89.45 
14.96 0.22 0.97 900.0 *** 100.00 
19.65 0.28 1.19 **** *** **** 
D-15 
Appendix D Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S3E2. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.25 % w/w Alcotex 72.5 based on the dispersed phase. 
Secondary 0.035 % w/w S415WB based on the dispersed phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.03% w/w based on the aqueous phase. 
After 0.0015% w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 55% 
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Figure D8 - Particle size distribution for experiment S3E2. 
Statistical Data. 
%< ' 10 25 50 75 90 
Size (µm) 34.01 56.66 108.4 232.6 415.1 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 174.0 µm 
Median 108.4 µm 
Mean/Median Ratio 1.605 
Mode 67.19 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-511 µm 
172 µm 
2.95x104 µm2 
1.77 Right Skewed 
3.01 Leptokuric 
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Appendix D. Particle Size Distributions 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.03 0.00 25.83 3.55 6.41 
0.564 0.06 0.03 33.94 6.63 9.96 
0.741 0.09 0.09 44.60 9.74 16.59 
0.974 0.13 0.19 58.61 10.93 26.34 
1.280 0.16 0.32 77.02 10.34 37.27 
1.682 0.19 0.47 101.2 9.41 47.60 
2.210 0.22 0.66 133.0 8.95 57.01 
2.905 0.25 0.88 174.8 8.67 65.96 
3.817 0.29 1.13 229.7 7.93 74.63 
5.016 0.33 1.41 301.8 6.55 82.56 
6.591 0.42 1.74 396.6 4.90 89.11 
8.661 0.58 2.17 521.2 3.52 94.01 
11.38 0.78 2.75 684.9 1.76 97.53 
14.96 1.09 3.53 900.0 *** 100.00 
19.65 1.79 4.62 **** *** **** 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S3E3. 
Stirrer Speed 350 RPM Temperature 55 °C Prerssure 10 Bar 
Stabiliser in recipe. 
Primary 0.25 % w/w KH17 based on the dispersed phase. 
Secondary 0.07% w/w S404W based on the dispersed phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.043 % w/w based on the aqueous phase. 
After 0.0025 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 46% 
V 
0 
m 
Y. 
0 
Figure D9 - Particle size distribution for experiment S3E3. 
Statistical Data. 
%c1 10 25 50 75 90 
Size (µm) 51.54 73.09 111.1 174.0 263.8 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
139.4 µm 
111.1 µm 
1.254 
105.9 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-337 µm 
101 µm 
1.01x104 µ. m2 
2.08 Right Skewed 
6.23 Leptokuric 
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Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(pm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.02 0.00 25.83 0.83 2.32 
0.564 0.04 0.02 33.94 3.21 3.16 
0.741 0.06 0.06 44.60 8.13 6.36 
0.974 0.08 0.12 58.61 13.39 14.50 
1.280 0.09 0.19 77.02 16.35 27.89 
1.682 0.10 0.28 101.2 16.56 44.24 
2.210 0.11 0.38 133.0 14.43 60.79 
2.905 0.11 0.49 174.8 10.85 75.23 
3.817 0.12 0.60 229.7 7.01 86.08 
5.016 0.14 0.72 301.8 3.94 93.08 
6.591 0.18 0.86 396.6 1.95 97.02 
8.661 0.26 1.04 521.2 0.83 98/97 
11.38 0.34 1.30 684.9 0.17 99.81 
14.96 0.35 1.63 900.0 *** 100.00 
19.65 0.34 1.98 **** *** **** 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S3E4. 
Stirrer Speed 350 RPM. Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.25% w/w KH17 based on the dispersed phase. 
Secondary 0.07% w/w S415WB based on the dispersed phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.042% w/w based on the aqueous phase. 
After 0.0015% w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 41% 
V 
o `" 
e 
U 
m3 
e 
2 
G 
Figure D10 - Particle size distribution for experiment S3E4. 
cLatistical Data. 
D 
%c 10 25 50 75 90 
Size (4m) 54.82 99.44 153.3 223.5 307.5 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
170.3 µm 
153.3 µm 
1.111 
167.0 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-373 µm 
103 µm 
1.07x104 µm2 
1.04 Right Skewed 
1.63 Leptokuric 
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Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.04 0.00 25.83 1.17 4.93 
0.564 0.07 0.04 33.94 1.81 6.10 
0.741 0.11 0.11 44.60 2.96 7.91 
0.974 0.15 0.21 58.61 5.31 10.87 
1.280 0.18 0.36 77.02 9.58 16.17 
1.682 0.21 0.54 101.2 14.91 25.76 
2.210 0.23 0.75 133.0 18.44 40.67 
2.905 0.26 0.98 174.8 17.58 59.11 
3.817 0.28 1.24 229.7 12.74 76.69 
5.016 0.31 1.52 301.8 7.01 89.42 
6.591 0.38 1.83 396.6 2.87 96.43 
8.661 0.50 2.21 521.2 0.67 99.31 
11.38 0.63 2.71 684.9 0.02 99.98 
14.96 0.73 3.33 900.0 *** 100.00 
19.65 0.86 4.07 **** *** **** 
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Appendix D. Particl Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E1,1 Hour. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w Alcotex 72.5 based on the aqueous phase. 
Secondary 0.03% w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.044 % w/w based on the aqueous phase. 
After 0.0015 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 15% 
V 
0 
u 
m 
e 
0 
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3 
2 
00.1 
0.2 0.4 1246 10 20 40 60 100 200 400 100 
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Figure D 11 - Particle size distribution for experiment S2E 11 Hour. 
Statistical Data. 
iQ 
qo c" 10 25 50 75 90 
Size (µm) 8.950 34.41 63.35 120.4 219.1 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 99.56 µm 
Median 63.35 µm 
Mean/Median Ratio 1.572 
Mode 56.00 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
D-22 
0-329 µm 
117 µm 
1.37x104 µm2 
3.1 Right Skewed 
12.9 Leptokuric 
Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume M. 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.01 0.00 11.38 1.13 11.51 
0.120 0.02 0.01 13.65 1.20 12.64 
0.144 0.02 0.03 16.38 1.43 13.84 
0.173 0.03 0.05 19.65 1.96 15.28 
0.207 0.03 0.08 23.58 2.95 17.24 
0.249 0.04 0.11 28.29 4.40 20.91 
0.298 0.04 0.15 33.94 6.07 24.59 
0.358 0.04 0.19 40.72 7.51 30.66 
0.429 0.05 0.23 48.85 8.29 38.17 
0.515 0.06 0.28 59.61 8.27 46.45 
0.618 0.07 0.34 70.32 7.67 54.72 
0.741 0.10 0.41 84.36 6.84 62.39 
0.889 0.15 0.52 101.2 6.07 69.23 
1.067 0.21 0.67 121.4 5.44 75.30 
1.280 0.30 0.88 145.7 4.75 80.74 
1.536 0.41 1.18 174.8 3.80 85.49 
1.842 0.55 1.58 209.7 2.77 89.29 
2.210 0.70 2.13 251.6 2.10 92.06 
2.652 0.86 2.83 301.8 1.86 94.15 
3.181 1.00 3.70 362.1 1.61 96.01 
3.817 1.10 4.70 434.4 0.94 97.62 
4.579 1.14 5.80 521.2 0.37 98.56 
5.494 1.14 6.95 625.3 0.39 98.93 
6.591 1.14 8.09 750.2 0.31 99.32 
7.907 1.14 9.23 900.0 *** 100.0 
9.487 1.14 10.37 **** *** **** 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E2,1 Hour. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w Alcotex 72.5 based on the aqueous phase. 
Secondary 0.03% w/w S415WB based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.045 % w/w based on the aqueous phase. 
After 0.0075 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 15% 
v 
0 
u 
m 
e 
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ip 
Figure D12 - Particle size distribution for experiment S2E2,1 Hour. 
Statistical Data. 
%< 10 25 50 75 90 
Size (9m) 27.17 41.98 60.33 95.58 157.4 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 79.73 µm 
Median 60.33 µm 
Mean/Median Ratio 1.321 
Mode 51.13 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-209 µm 
66.2 µm 
4380 µm2 
2.51 Right Skewed 
9.07 Leptokuric 
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Appendix D. Particle Sie Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.02 0.00 11.38 0.79 5.00 
0.120 0.03 0.02 13.65 0.81 5.79 
0.144 0.04 0.05 16.38 0.83 6.59 
0.173 0.06 0.10 19.65 1.07 7.42 
0.207 0.07 0.15 23.58 2.06 8.50 
0.249 0.08 0.22 28.29 4.45 10.56 
0.298 0.09 0.30 33.94 8.19 15.01 
0.358 0.10 0.39 40.72 11.76 23.20 
0.429 0.11 0.50 48.85 13.12 34.96 
0.515 0.12 0.61 59.61 11.94 48.08 
0.618 0.12 0.72 70.32 9.76 60.02 
0.741 0.13 0.84 84.36 7.59 69.69 
0.889 0.13 0.97 101.2 6.04 77.28 
1.067 0.13 1.10 121.4 4.92 83.32 
1.280 0.13 1.23 145.7 3.94 88.24 
1.536 0.13 1.35 174.8 2.92 92.18 
1.842 0.14 1.48 209.7 1.95 95.09 
2.210 0.16 1.63 251.6 1.24 97.04 
2.652 0.19 1.79 301.8 0.82 98.28 
3.181 0.23 1.98 362.1 0.55 99.10 
3.817 0.28 2.21 434.4 0.28 99.65 
4.579 0.33 2.49 521.2 0.07 99.93 
5.494 0.39 2.83 625.3 0.00 100.00 
6.591 0.48 3.22 750.2 0.00 100.00 
7.907 0.59 3.70 900.0 *** 100.00 
9.487 0.71 4.29 **** *** **** 
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Appendix D. Particle Size-Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E3,1 Hour. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03% w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.055 % w/w based on the aqueous phase. 
After 0.0003 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 21% 
7 
6 
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Figure D13 - Particle size distribution for experiment S2E3,1 Hour. 
Statistical Data. 
0 
%<' 10 25 50 75 90 
Size (m) 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 117.5 µm 
Median 101.7 µm 
Mean/Median Ratio 1.156 
Mode 105.9 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
D-26 
0-264 µm 
74.6 µm 
5570 µm2 
1.29 Right Skewed 
2.00 Leptokuric 
Particle Diameter (um) 
Appendix D. Particle Size Distributions. 
[--E-ame-ter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.25 3.59 
0.120 0.00 0.00 13.65 0.24 3.84 
0.144 0.04 0.00 16.38 0.27 4.08 
0.173 0.08 0.04 19.65 0.35 4.35 
0.207 0.12 0.12 23.58 0.67 4.70 
0.249 0.16 0.24 28.29 1.56 5.37 
0.298 0.19 0.39 33.94 2.81 6.93 
0.358 0.22 0.58 40.72 3.77 9.74 
0.429 0.23 0.80 48.85 4.95 13.51 
0.515 0.24 1.03 59.61 7.57 18.46 
0.618 0.23 1.26 70.32 10.67 26.02 
0.741 0.21 1.49 84.36 12.90 36.78 
0.889 0.17 1.70 101.2 13.28 49.69 
1.067 0.12 1.87 121.4 11.30 62.97 
1.280 0.08 2.00 145.7 8.44 74.27 
1.536 0.04 2.08 174.8 6.22 82.71 
1.842 0.02 2.12 209.7 4.48 88.92 
2.210 0.03 2.14 251.6 3.14 93.04 
2.652 0.06 2.17 301.8 2.40 96.54 
3.181 0.11 2.23 362.1 1.02 98.94 
3.817 0.15 2.34 434.4 0.05 99.95 
4.579 0.19 2.49 521.2 0.00 100.00 
5.494 0.21 2.68 625.3 0.00 100.00 
6.591 0.22. 2.88 750.2 0.00 100.00 
7.907 0.24 3.10 900.0 *** 100.00 
9.487 0.25 3.34 **** if *** I **** 1 11 
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Appendix D. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S2E4,1 Hour. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03% w/w S415WB based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.06 % w/w based on the aqueous phase. 
After 0.003 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 15% 
V 
0 
u 
m 
e 
Y. 
Figure D14 - Particle size distribution for experiment S2E4,1 Hour. 
Statistical Data. 
< 10 25 50 75 90 
ize (µm) 
r 
42.57 59.13 104.4 198.9 312.9 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 146.9 µm 
Median 104.4 µm 
Mean/Median Ratio 1.407 
Mode 56.00 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-382 µm 
120 µm 
1.44x104 µm2 
1.72 Right Skewed 
3.48 Leptokuric 
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Appendix D. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.00 0.00 
0.120 0.00 0.00 13.65 0.00 0.00 
0.144 0.00 0.00 16.38 0.00 0.00 
0.173 0.00 0.00 19.65 0.09 0.00 
0.207 0.00 0.00 23.58 0.78 0.09 
0.249 0.00 0.00 28.29 2.47 0.87 
0.298 0.00 0.00 33.94 5.00 3.34 
0.358 0.00 0.00 40.72 7.47 8.34 
0.429 0.00 0.00 48.85 8.78 15.81 
0.515 0.00 0.00 59.61 8.74 24.59 
0.618 0.00 0.00 70.32 8.08 33.32 
0.741 0.00 0.00 84.36 7.41 41.40 
0.889 0.00 0.00 101.2 7.06 48.81 
1.067 0.00 0.00 121.4 7.04 55.87 
1.280 0.00 0.00 145.7 7.13 62.91 
1.536 0.00 0.00 174.8 7.02 70.04 
1.842 0.00 0.00 209.7 6.49 77.06 
2.210 0.00 0.00 251.6 5.55 83.55 
2.652 0.00 0.00 301.8 4.35 89.10 
3.181 0.00 0.00 362.1 3.09 93.45 
3.817 0.00 0.00 434.4 1.93 96.54 
4.579 0.00 0.00 521.2 1.01 98.47 
5.494 0.00 0.00 625.3 0.39 99.48 
6.591 0.00 0.00 750.2 0.09 99.87 
7.907 0.00 0.00 900.0 *** 100.0 
9.487 0.00 0.00 **** *** **** 
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Appendix D. Particle Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment S3E3 (Wet 
slurry). 
Stirrer Speed 350 RPM Temperature 55 °C Prerssure 
Stabiliser in recipe. 
Primary 0.25 % w/w KH 17 based on the dispersed phase. 
Secondary 0.07% w/w S404W based on the dispersed phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.043 % w/w based on the aqueous phase. 
After 0.0025 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 46% 
6 
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0 
Figure D15 - Particle size distribution for experiment S3E3 (Wet slurry). 
Statistical Data. 
10 Bar 
%c 10 25 50 75 90 
Size (m) 52.46 74.31 112.3 174.8 270.0 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0 % 95% Confidence Limits 
144.0 µm Standard Deviation 
112.3 µm Variance 
1.282 Skewedness 
105.9 µm Kurtosis 
0-364 µm 
112µm 
1.26x104 µm2 
2.49 Right Skewed 
8.67 Leptokuric 
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appendix D. Particle SizeDistributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.03 0.00 25.83 0.79 2.22 
0.564 0.04 0.03 33.94 3.02 3.01 
0.741 0.06 0.07 44.60 7.78 6.03 
0.974 0.08 0.13 58.61 13.17 13.81 
1.280 0.10 0.22 77.02 16.50 26.98 
1.682 0.10 0.31 101.2 16.91 43.48 
2.210 0.11 0.42 133.0 14.60 60.39 
2.905 0.11 0.52 174.8 10.67 74.99 
3.817 0.12 0.64 229.7 6.70 85.66 
5.016 0.13 0.75 301.8 3.79 92.36 
6.591 0.17 0.88 396.6 2.06 96.15 
8.661 0.23 1.05 521.2 1.16 98.22 
11.38 0.30 1.28 684.9 0.47 99.37 
14.96 0.32 1.58 900.0 *** 100.00 
19.65 0.31 1.90 **** *** **** 
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Appendix E. 
Cumulative Drop Size Distributions. 
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Appendix E. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Scouting Experiments. 
100 
80 -------------------------- .... -----. ---- 
------------------------ -'--------........ 60 
40 ------------------- --------------------- 
Z U 20 ---------------- ---------------------- 
0 
0 20 40 60 80 100 
Drop Diameter (Microns). 
-ý- pH 4, No Other Modifications. 
-®- pH 7, No Other Modifications. 
-e- pH 10, No Other Modifications. 
-e- pH 4, Rapid Heat Up. 
Figure El - Cumulative drop size' distributions 
for scouting experiments. 
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Appendix E. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Scouting Experiments. 
100 
80 ---------------------- - ---------------- 
40 -------------------- -- ---------------------- 
Ü 
20 --------------- -------------------------- 
0 
0 20 40 60 80 100 
Drop Diameter (Microns). 
-0- pH 4, Secondary in Organic. 
pH. 4, Added Oxygen. 
-e- pH 4, Rapid Heat Up, Sim. Charge. 
Figure E2 - Cumulative drop size distributions for scouting experiments. 
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Appendix F. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 4, 
no other modifications. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.048 % w/w based on the aqueous phase. 
After 0.008 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 24% 
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Figure F1 - Particle size distribution for experiment at pH 4, no other modifications. 
Statistical Data. 
%c 10 25 50 75 90 
Size (µm) 36.97 68.42 135.2 224.7 330.6 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 163.4 µm 
Median 135.2 µm 
Mean/Median Ratio 1.209 
Mode 182.9 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
F-2 
0-404 µm 
123 µm 
1.51x104 µm2 
1.3 Right Skewed 
1.89 Leptokuric 
Appendix F. Particle Size Distributions. 
Diameter 
(µm), 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.01 0.00 7.907 0.13 1.04 
0.515 0.01 0.01 9.487 0.17 1.18 
0.618 0.02 0.03 11.38 0.23 1.35 
0.714 0.03 0.05 13.65 0.35 1.57 
0.889 0.04 0.08 16.38 0.61 1.93 
1.067 0.05 0.12_ 19.65 1.11 2.54 
1.280 0.06 0.17 23.58 1.88 3.65 
1.536 0.07 0.23 28.29 2.83 5.53 
1.842 0.07 0.29 33.94 3.67 8.36 
2.210 0.08 0.37 40.72 4.21 12.03 
2.652 0.09 0.45 48.85 4.57 16.24 
3.181 0.09 0.54 58.61 4.97 20.82 
3.817 0.10 0.63 70.32 5.56 25.79 
4.579 0.10 0.72 84.36 6.40 31.35 
5.494 0.10 0.82 101.2 3.58 37.75 
6.591 0.11 0.93 **** *** **** 
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Appendix F. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 7, 
no other modifications. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.062 % w/w based on the aqueous phase. 
After 0.009 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 22% 
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Figure F2 - Particle size distribution for experiment at pH 7, no other modifications. 
Statistical Data. 
qo c 10 25 50 75 90 
Size (µm) 25.33 32.55 42.9 64.28 128.6 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 60.20 µm 
Median 42.90 µm 
Mean/Median Ratio 1.403 
Mode 38.91 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
F-4 
0-159 pm 
50.6 µm 
2560 µm2 
2.47 Right Skewed 
7.64 Leptokuric 
Appendix F. Particle Size Distributions. 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.13 0.00 7.907 0.39 2.84 
0.515 0.16 0.13 9.487 0.38 3.23 
0.618 0.21 0.28 11.38 0.37 3.61 
0.714 0.24 0.49 13.65 0.26 3.88 
0.889 0.26 0.74 16.38 0.76 4.15 
1.067 0.24 0.99 19.65 2.78 4.9 
1.280 0.20 1.23 23.58 7.40 7.69 
1.536 0.15 1.42 28.29 13.40 15.09 
1.842 0.10 1.57 33.94 16.92 28.49 
2.210 0.08 1.68 40.72 15.31 45.41 
2.652 0.07 1.75 48.85 10.60 60.73 
3.181 0.09 1.82 58.61 6.47 71.33 
3.817 0.14 1.91 70.32 4.22 77.80 
4.579 0.20 2.04 84.36 3.44 82.02 
5.494 0.27 2.24 101.2 1.71 85.47 
6.591 0.34 2.51 **** *** **** 
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Appendix F. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 10, 
no other modifications. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.048 % w/w based on the aqueous phase. 
After 0.033 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 18% 
V 
0 
u 
me 
10 Bar 
7- 
6- 
4- 
3- 
2- 
0.6 1246 10 20 40 60 100 200 400 6001000 
Particle Diameter (um) 
Figure F3 - Particle size distribution for experiment at pH 10, no other modifications. 
Statistical Data. 
% 10 25 50 75 90 
Size (µm) 8.091 21.30 35.09 45.58 68.68 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0% 
Mean 38.26 µm 
Median 35.09 µm 
Mean/Median Ratio 1.090 
Mode 38.91 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
F-6 
0-89.5 µm 
26.2 µm 
684 µm2 
1.51 Right Skewed 
4.3 Leptokuric 
Appendix F. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.24 0.00 7.907 1.49 9.83 
0.515 0.30 0.24 9.487 1.91 11.32 
0.618 0.41 0.54 11.38 2.43 13.22 
0.714 0.50 0.95 13.65 3.11 15.66 
0.889 0.56 1.46 16.38 4.03 18.77 
1.067 0.58 2.02 19.65 5.5 22.80 
1.280 0.56 2.59 23.58 8.04 28.30 
1.536 0.55 3.15 28.29 11.29 36.34 
1.842 0.54 3.70 33.94 13.52 47.63 
2.210 0.56 4.24 40.72 12.99 61.16 
2.652 0.60 4.80 48.85 10.02 74.14 
3.181 0.67 5.41 58.61 6.61 84.17 
3.817 0.76 6.07 70.32 4.03 90.78 
4.579 0.85 6.83 84.36 2.34 94.81 
5.494 0.98 7.68 101.2 0.76 97.15 
6.591 1.17 8.66 **** *** **** 
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Appendix F. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 4 with 
Rapid Heat Up. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.06 % w/w based on the aqueous phase. 
After 0.007 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 17% 
v 
0 
u 
m 
e 
i 
'0 
Particle Diameter (um) 
Figure F4 - Particle size distribution for experiment at pH 4 with rapid heat up. 
Statistical Data. 
%< 10 25 50 75 90 
Size (9m) 24.88 40.76 131.5 246.4 393.4 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0 % 95% Confidence Limits 
173.4 gm Standard Deviation 
131.5 µm Variance 
1.139 Skewedness 
200.4 µm Kurtosis 
0-495 µm 
164 µm 
2.68x104 µm2 
1.52 Right Skewed 
2.46 Leptokuric 
F-8 
Appendix F. Particle Size Distributions 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.08 0.00 7.907 0.46 3.56 
0.515 0.10 0.08 9.487 0.53 4.03 
0.618 0.14 0.18 11.38 0.58 4.55 
0.714 0.18 0.32 13.65 0.71 5.14 
0.889 0.21 0.50 16.38 1.10 5.85 
1.067 0.22 0.71 19.65 2.08 6.95 
1.280 0.22 0.93 23.58 3.88 9.03 
1.536 0.22 1.16 28.29 5.76 12.91 
1.842 0.21 1.38 33.94 6.30 18.67 
2.210 0.21 1.59 40.72 4.99 24.97 
2.652 0.22 1.81 48.85 3.22 29.96 
3.181 0.24 2.03 58.61 2.44 33.19 
3.817 0.27 2.27 70.32 2.77 35.65 
4.579 0.30 2.53 84.36 3.82 38.40 
5.494 0.34 2.83 101.2 2.40 42.22 
6.591 0.39 3.17 **** *** **** 
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Appendix F. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 4 with 
the Secondary PVA in the Organic Phase. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.047 % w/w based on the aqueous phase. 
After 0.007 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 16% 
V. 
0 
U 
m 
e 
0 
Particle Diameter (um) 
Figure F5 - Particle size distribution for experiment at pH 4 with the secondary PVA in the 
organic phase. 
Statistical Data. 
%< 10 25 50 75 90 
Size (9m) 8.169 18.61 32.43 68.30 122.6 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0 % 95% Confidence Limits 
50.17 µm Standard Deviation 
32.43 µm Variance 
1.547 Skewedness 
29.61 µm Kurtosis 
0-143 pm 
47.4 µm 
2250 µm2 
1.56 Right Skewed 
2.04 Leptokuric 
F-10 
Appendix F. Particle Size Distributions. 
Diameter 
(m), 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.21 0.00 7.907 2.11 9.66 
0.515 0.26 0.21 9.487 2.63 11.76 
0.618 0.35 1.48 11.38 3.21 14.39 
0.714 0.42 0.83 13.65 3.96 17.61 
0.889 0.45 1.25 16.38 5.11 21.57 
1.067 0.44 1.7 19.65 6.95 26.68 
1.280 0.40 2.14 23.58 9.02 33.62 
1.536 0.38 2.54 28.29 9.85 42.65 
1.842 0.37 2.92 33.94 8.44 52.50 
2.210 0.41 3.29 40.72 5.97 60.93 
2.652 0.49 3.69 48.85 4.47 66.90 
3.181 0.63 4.18 58.61 4.36 71.37 
3.817 0.83 4.82 70.32 4.72 75.73 
4.579 1.05 5.64 84.36 4.82 80.45 
5.494 1.31 6.69 101.2 2.32 85.27 
6.591 1.65 8.00 
1 ý 
**** *** **** 
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Appendix F. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 4 with 
Added Oxygen. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.048 % w/w based on the aqueous phase. 
After 0.001 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 15% 
V 
0 
u 
m 
e 
Y. 
7- 
6- 
4- 
2- 
1 - 
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Particle Diameter (um) 
Figure F6 - Particle size distribution for experiment at pH 4 with added oxygen. 
Statistical Data. 
0 
%< 10 25 50 75 90 
Size (m) 17.33 25.90 38.37 97.79 163.8 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 68.62 µm 
Median 38.37 µm 
Mean/Median Ratio 1.789 
Mode 29.61 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
F-12 
0-197 µm 
65.7 µm 
4320 µm2 
1.72 Right Skewed 
3.05 Leptokuric 
Appendix F. Particle Size Distributions. 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.23 0.00 25.83 18.19 24.84 
0.564 0.34 0.23 33.94 13.45 43.03 
0.741 0.46 0.58 44.60 6.38 56.47 
0.974 0.49 1.03 58.61 5.62 62.85 
1.280 0.45 1.52 77.02 7.59 68.47 
1.682 0.42 1.79 101.2 8.33 76.05 
2.210 0.46 2.39 133.0 7.19 84.39 
2.905 0.56 2.85 174.8 4.99 91.58 
3.817 0.70 3.42 229.7 2.57 96.57 
5.016 0.79 4.11 301.8 0.80 99.13 
6.591 0.85 4.91 396.6 0.07 99.93 
8.661 0.90 5.75 521.2 0.00 100.00 
11.38 1.50 6.66 684.9 0.00 100.00 
14.96 4.54 8.15 900.0 *** 100.00 
19.65 12.14 12.69 **** *** **** 
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Appendix F. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 4 with 
Rapid Heat Up and Simultaneous Charge. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.05 % w/w based on the aqueous phase. 
After 0.022 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 14% 
v 
0 
u 
m 
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Figure F7 - Particle size distribution for experiment at pH 4 with rapid heat up and 
simultaneous charge. 
Statistical Data. 
%c 10 25 50 75 90 
Size (µm) 17.2 26.83 39.36 108.7 183.6 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0 % 95% Confidence Limits 
76.21 µm Standard Deviation 
39.36 µm Variance 
1.936 Skewedness 
32.43 µm Kurtosis 
0-230 µm 
78.5 µm 
6170 µm2 
2 Right Skewed 
4.98 Leptokuric 
F-14 
Appendix F. Particle Size Distributions. 
Diameter 
(µm), 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.28 0.00 25.83 18.29 22.73 
0.564 0.40 0.28 33.94 14.62 41.02 
0.741 0.52 0.68 44.60 5.83 55.63 
0.974 0.54 1.20 58.61 4.47 61.46 
1.280 0.46 1.74 77.02 6.94 65.93 
1.682 0.39 2.20 101.2 8.34 72.88 
2.210 0.40 2.59 133.0 7.65 81.22 
2.905 0.50 2.99 174.8 5.66 88.86 
3.817 0.69 3.49 229.7 3.30 94.53 
5.016 0.87 4.18 301.8 1.53 97.83 
6.591 1.05 5.05 396.6 0.55 99.35 
8.661 1.18 6.11 521.2 0.09 99.91 
11.38 1.48 7.29 684.9 0.00 100.00 
14.96 3.52 8.77 900.0 *** 100.00 
19.65 10.44 12.29 **** *** **** 
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Appendix G. 
Cumulative Drop Size Distributions. 
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Appendix G. Cumulative Drop Size Distributions. 
Cumulative Drop Size Distributions. 
Effects of pH on Drop Diameter. 
100 
80 ------------- ----------- ----------. ---. -- 
40 ---------- ------- ------------------------ 
E 
Ü 
-- 
0 
0 50 100 150 200 
Drop Diameter (Microns). 
-i- pH 4. -a- pH 7. -e- pH 10. 
Figure G1- Cumulative drop size distribution showing the effects of pH on drop size. 
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Appendix H. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH4, 
30 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.057 % w/w based on the aqueous phase. 
After 0.0004 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 7% 
f 
s 
V 
04 
U3 
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Figure H1 - Particle size distribution for experiment at pH 4,30 Minutes. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 27.56 39.51 58.79 101.2 203.8 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0 % 95% Confidence Limits 
90.85 µm Standard Deviation 
58.79 µm Variance 
1.545 Skewedness 
51.13 µm Kurtosis 
0-270 µm 
91.6 µm 
8390 µ. m2 
2.63 Right Skewed 
8.44 Leptokuric 
H-2 
Appendix H. Particle Size Distributions. 
Diameter 
( m). 
Differential 
Volume (%). 
Cumulative 
Volume 
Diameter Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.03 0.00 11.38 0.43 3.37 
0.120 0.04 0.03 13.65 0.55 3.80 
0.144 0.05 0.06 16.38 0.87 4.35 
0.173 0.06 0.11 19.65 1.76 5.22 
0.207 0.08 0.18 23.58 3.65 6.98 
0.249 0.09 0.26 28.29 6.55 10.63 
0.298 0.10 0.35 33.94 9,57 17.18 
0.358 0.2 0.46 40.72 11.46 26.75 
0.429 0.12 0.57 48.85 11.61 38.21 
0.515 0.13 0.69 59.61 10.34 49.82 
0.618 0.13 0.82 70.32 8.39 60.17 
0.741 0.13 0.96 84.36 6.44 69.56 
0.889 0.13 1.09 101.2 4.93 75.00 
1.067 0.12 1.21 121.4 3.98 79.93 
1.280 0.10 1.33 145.7 3.45 83.91 
1.536 0.09 1.43 174.8 3.12 87.36 
1.842 0.08 1.52 209.7 2.77 90.49 
2.210 0.09 1.61 251.6 2.30 93.25 
2.652 0.09 1.69 301.8 1.79 95.56 
3.181 0.11 1.79 362.1 1.27 97.34 
3.817 0.14 1.90 434.4 0.80 98.61 
4.579 0.17 2.04 521.2 0.44 99.41 
5.494 0.21 2.21 625.3 0.14 99.85 
6.591 0.26 2.42 750.2 0.01 99.99 
7.907 0.32 2.67 
- 
900.0 *** 100.00 
9.487 0.38 2.99 1 **** 
1 
*** **** 
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Appendix H. Particle Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH4, 
60 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.08 % w/w based on the aqueous phase. 
After 0.0017 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 24% 
v 
0 
u 
m 
e; 
0 Y. 
10 Bar 
0 
Figure H2 - Particle size distribution for experiment at pH 4,60 Minutes. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 56.84 105.0 174.6 263.2 382.3 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
201.0 µm 
174.6 µm 
1.151 
200.3 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-459 µm 
132 µm 
1.73x104 µ. m2 
1.22 Right Skewed 
1.63 Leptokuric 
H-4 
Particle Diameter (um) 
Appendix H. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.11 0.48 
0.120 0.00 0.00 13.65 0.14 0.55 
0.144 0.00 0.00 16.38 0.19 0.72 
0.173 0.00 0.00 19.65 0.25 0.91 
0.207 0.00 0.00 23.58 0.35 1.15 
0.249 0.00 0.00 28.29 0.73 1.15 
0.298 0.00 0.00 33.94 1.72 2.24 
0.358 0.00 0.00 40.72 3.03 3.96 
0.429 0.00 0.00 48.85 3.64 6.99 
0.515 0.00 0.00 59.61 3.62 10.64 
0.618 0.00 0.00 70.32 4.13 14.26 
0.741 0.00 0.00 84.36 5.34 18.38 
0.889 0.00 0.00 101.2 6.90 23.72 
1.067 0.00 0.00 121.4 8.78 30.62 
1.280 0.00 0.00 145.7 10.66 39.40 
1.536 0.00 0.00 174.8 11.65 50.05 
1.842 0.00 0.00 209.7 10.98 61.71 
2.210 0.00 0.00 251.6 8.98 72.69 
2.652 0.02 0.00 301.8 6.77 81.66 
3.181 0.04 0.02 362.1 4.96 88.43 
3.817 0.05 0.05 434.4 3.46 93.39 
4.579 0.06 0.10 521.2 2.14 96.85 
5.494 0.07 0.16 625.3 0.92 98.99 
6.591 0.07 0.23 750.2 0.09 99.91 
7.907 0.08 0.30 900.0 *** 100.00 
9.487 0.09 0.39 **** *** **** 
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Appendix H. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH4, 
120 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.06 % w/w based on the aqueous phase. 
After 0.006 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 59% 
v 
0 
u 
m 
e 
x 
Figure H3 - Particle size distribution for experiment at pH 4,120 Minutes. 
Statistical Data. 
10 Bar 
%< 10 25 50 75 90 
Size (µm) 38.89 55.08 87.56 151.8 238.1 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
116.4 µm 
87.56 µm 
1.329 
61.34 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-291 µm 
89 µm 
7920 µm2 
1.72 Right Skewed 
3.58 Leptokuric 
H-6 
Particle Diameter (um) 
Appendix H. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.02 0.00 11.38 0.28 2.07 
0.120 0.02 0.02 13.65 0.30 2.35 
0.144 0.03 0.04 16.38 0.32 2.65 
0.173 0.04 0.07 19.65 0.44 2.97 
0.207 0.05 0.11 23.58 0.95 3.42 
0.249 0.06 0.16 28.29 2.31 4.37 
0.298 0.07 0.22 33.94 4.71 6.68 
0.358 0.08 0.29 40.72 7.51 11.40 
0.429 0.08 0.37 48.85 9.48 18.91 
0.515 0.09 0.45 59.61 10.04 28.39 
0.618 0.10 0.54 70.32 9.72 38.43 
0.741 0.10 0.64 84.36 9.10 48.16 
0.889 0.10 0.74 101.2 8.42 57.26 
1.067 0.09 0.83 121.4 7.74 65.68 
1.280 0.08 0.93 145.7 7.00 73.42 
1.536 0.07 1.01 174.8 6.07 80.42 
1.842 0.06 1.08 209.7 4.94 86.49 
2.210 0.06 1.15 251.6 3.68 91.43 
2.652 0.05 1.21 301.8 2.47 95.11 
3.181 0.05 1.26 362.1 1.45 97.57 
3.817 0.06 1.31 434.4 0.73 99.03 
4.579 0.07 1.37 521.2 0.23 99.75 
5.494 0.09 1.45 625.3 0.02 99.98 
6.591 0.13 1.54 750.2 0.00 100.00 
7.907 0.17 1.67 900.0 *** 100.00 
9.487 0.23 1.84 **** *** **** 
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Appendix H. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH4, 
210 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.038 % w/w based on the aqueous phase. 
After 0.005 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 66% 
V 
0 
m 
e 
Y. 
Figure H4 - Particle size distribution for experiment at pH 4,210 Minutes. 
Statistical Data. 
10 Bar 
%< 10 25 50 75 90 
Size (µm) 53.72 74.79 114.6 184.5 346.2 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
159.4 µm 
114.6 µm 
1.390 
116.0 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-423 gm 
134 µm 
1.81x104 µm2 
2.03 Right Skewed 
4.23 Leptokuric 
H-8 
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Appendix H. Particle Size Distributions. 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.12 1.16 
0.120 0.00 0.00 13.65 0.10 1.28 
0.144 0.00 0.00 16.38 0.11 1.38 
0.173 0.00 0.00 19.65 0.22 1.49 
0.207 0.01 0.00 23.58 0.38 1.71 
0.249 0.03 0.01 28.29 0.46 2.09 
0.298 0.04 0.04 33.94 0.96 2.55 
0.358 0.06 0.08 40.72 3.25 3.50 
0.429 0.07 0.14 48.85 6.97 6.76 
0.515 0.08 0.20 59.61 8.48 13.73 
0.618 0.09 0.28 70.32 9.59 22.21 
0.741 0.10 0.37 84.36 10.73 30.80 
0.889 0.10 0.47 101.2 12.51 41.54 
1.067 0.09 0.57 121.4 11.08 54.04 
1.280 0.08 0.66 145.7 8.07 65.12 
1.536 0.06 0.74 174.8 5.76 73.19 
1.842 0.05 0.80 209.7 4.55 78.95 
2.210 0.03 0.84 251.6 3.89 83.50 
2.652 0.01 0.07 301.8 3.45 87.39 
3.181 0.01 0.89 362.1 3.01 90.84 
3.817 0.00 0.89 434.4 2.59 93.85 
4.579 0.01 0.90 521.2 2.08 96.44 
5.494 0.02 0.91 625.3 1.24 98.52 
6.591 0.05 0.93 750.2 0.21 99.76 
7.907 0.08 0.97 900.0 *** 100.00 
9.487 0.11 1.05 **** *** **** 
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Appendix H. Particle Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 7, 
30 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH 17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.05 % w/w based on the aqueous phase. 
After 0.01 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 6% 
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Figure H5 - Particle size distribution for experiment at pH 7,30 Minutes. 
Statistical Data. 
I< 10 25 50 75 90 
Size (µm) 39.14 65.21 138.1 276.9 468.9 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
201.4 µm 
138.1 µm 
1.458 
182.9 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-456 µm 
183 µm 
3.35x104 µm2 
1.5 Right Skewed 
1.87 Leptokuric 
H-10 
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Appendix H. Particle Size Distributions, 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.00 0.00 25.83 3.84 2.90 
0.741 0.01 0.00 33.94 6.79 6.74 
0.974 0.03 0.01 44.6 8.18 13.53 
1.280 0.05 0.04 58.61 8.53 21.71 
1.682 0.08 0.09 77.02 8.93 30.25 
2.210 0.11 0.16 101.2 9.50 39.18 
2.95 0.14 0.27 133.0 9.92 48.68 
3.817 0.16 0.41 174.8 9.92 58.59 
5.016 0.17 0.56 229.7 9.33 68.15 
6.591 0.18 0.73 301.8 8.08 77.84 
8.661 0.17 0.91 396.6 6.31 85.92 
11.38 0.16 1.08 521.2 4.62 92.23 
14.96 0.33 1.24 684.9 2.27 96.85 
19.65 1.32 1.58 900.0 *** 100.00 
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Appendix H. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 7, 
60 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.055 % w/w based on the aqueous phase. 
After 0.0003 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 21% 
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10 Bar 
0 
Figure H6 - Particle size distribution for experiment at pH 7,60 Minutes. 
Statistical Data. 
I< 10 25 50 75 90 
Size (µm) 41.28 68.88 101.7 148.2 220.7 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
117.5 µm 
101.7 µm 
1.156 
105.9 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-264 µm 
74.6 µm 
5570 µm2 
1.29 Right Skewed 
2.00 Leptokuric 
H-12 
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Appendix H. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.25 3.59 
0.120 0.00 0.00 13.65 0.24 3.84 
0.144 0.04 0.00 16.38 0.27 4.08 
0.173 0.08 0.04 19.65 0.35 4.35 
0.207 0.12 0.12 23.58 0.67 4.70 
0.249 0.16 0.24 28.29 1.56 5.37 
0.298 0.19 0.39 33.94 2.81 6.93 
0.358 0.22 0.58 40.72 3.77 9.74 
0.429 0.23 0.80 48.85 4.95 13.51 
0.515 0.24 1.03 59.61 7.57 18.46 
0.618 0.23 1.26 70.32 10.67 26.02 
0.741 0.21 1.49 84.36 12.90 36.78 
0.889 0.17 1.70 101.2 13.28 49.69 
1.067 0.12 1.87 121.4 11.30 62.97 
1.280 0.08 2.00 145.7 8.44 74.27 
1.536 0.04 2.08 174.8 6.22 82.71 
1.842 0.02 2.12 209.7 4.48 88.92 
2.210 0.03 2.14 251.6 3.14 93.04 
2.652 0.06 2.17 301.8 2.40 96.54 
3.181 0.11 2.23 362.1 1.02 98.94 
3.817 0.15 2.34 434.4 0.05 99.95 
4.579 0.19 2.49 521.2 0.00 100.00 
5.494 0.21 2.68 625.3 0.00 100.00 
6.591 0.22 2.88 750.2 0.00 100.00 
7.907 0.24 3.10 900.0 *** 100.00 
9.487 0.25 3.34 **** *** **** 
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Appendix H. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 7, 
120 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.049 % w/w based on the aqueous phase. 
After 0.009 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 38% 
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Figure H7 - Particle size distribution for experiment at pH 7,120 Minutes. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 65.51 140.8 250.0 372.1 497.3 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 95% Confidence Limits 
Mean 269.3 µm Standard Deviation 
Median 250.0 µm Variance 
Mean/Median Ratio 1.077 Skewedness 
Mode 315.9 µm Kurtosis 
0-588 µm 
163 µm 
2.64x104 µm2 
0.64 Right Skewed 
-0.0355 Platykurtic 
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Appendix H. Particle Size Distributions. 
Diameter 
(µ. m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.05 0.09 25.83 0.50 0.96 
0.741 0.06 0.14 33.94 2.19 1.46 
0.974 0.07 0.20 44.6 4.53 3.65 
1.280 0.07 0.27 58.61 4.30 8.18 
1.682 0.06 0.33 77.02 4.75 12.48 
2.210 0.05 0.39 101.2 6.21 17.23 
2.95 0.04 0.44 133.0 8.74 23.44 
3.817 0.03 0.48 174.8 12.94 32.18 
5.016 0.02 0.50 229.7 16.65 45.12 
6.591 0.01 0.52 301.8 17.12 61.77 
8.661 0.02 0.53 396.6 13.06 78.88 
11.38 0.06 0.56 521.2 6.7 91.95 
14.96 0.13 0.62 684.9 1.27 98.65 
19.65 0.20 0.75 900.0 *** 100.00 
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Appendix H. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH 7, 
210 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.05 % w/w based on the aqueous phase. 
After 0.0014 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 44% 
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Figure H8 - Particle size distribution for experiment at pH 7,210 Minutes. 
Statistical Data. 
%< 10 25 50 75 90 
Size (m) 30.29 43.64 101.4 237.6 462.2 
10 Bar 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 172.1 µm 
Median 101.4 µm 
Mean/Median Ratio 1.698 
Mode 42.62 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-526 µm 
181 µm 
3.26 x104 µm2 
1.72 Right Skewed 
2.72 Leptokuric 
H-16 
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Appendix H. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.429 0.11 0.00 25.83 7.14 6.58 
0.564 0.17 0.11 33.94 12.37 13.71 
0.741 0.23 0.28 44.60 11.31 26.08 
0.974 0.27 0.51 58.61 7.06 37.39 
1.280 0.26 0.78 77.02 5.51 44.45 
1.682 0.23 1.04 101.2 6.68 49.96 
2.210 0.20 1.27 133.0 8.39 56.64 
2.905 0.20 1.47 174.8 8.94 65.03 
3.817 0.23 1.67 229.7 8.13 73.97 
5.016 0.29 1.9 301.8 6.51 82.09 
6.591 0.39 2.19 396.6 4.84 88.60 
8.661 0.49 1.58 521.2 3.66 93.44 
11.38 0.53 3.07 684.9 2.01 97.10 
14.96 0.72 3.60 900.0 *** 100.00 
19.65 2.26 4.32 **** *** **** 
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Appendix H. Particle Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH10, 
60 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.062 % w/w based on the aqueous phase. 
After 0.05 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 13% 
v 
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Figure H9 - Particle size distribution for experiment at pH 10,60 Minutes. 
Statistical Data. 
%< 10 25 50 75 90 
-1 -19 Size (µm) 87.43 173.0 279.7 383.6 498.6 
10 Bar 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 289.3 µm 
Median 279.7 µm 
Mean/Median Ratio 1.035 
Mode 315.9 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-600 µm 
159 µm 
2.52x104 µm2 
0.58 Right Skewed 
0.284 Leptokuric 
H-18 
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Appendix H. Particle Size Distributions. 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.17 1.06 
0.120 0.00 0.00 13.65 0.17 1.23 
0.144 0.00 0.00 16.38 0.20 1.40 
0.173 0.00 0.00 19.65 0.25 1.60 
0.207 0.00 0.00 23.58 0.33 1.85 
0.249 0.00 0.00 28.29 0.45 2.18 
0.298 0.00 0.00 33.94 0.61 2.63 
0.358 0.00 0.00 40.72 0.85 3.24 
0.429 0.00 0.00 48.85 1.31 4.09 
0.515 0.00 0.00 59.61 1.79 5.39 
0.618 0.00 0.00 70.32 2.29 7.19 
0.741 0.00 0.00 84.36 2.91 9.48 
0.889 0.00 0.00 101.2 3.46 12.38 
1.067 0.00 0.00 121.4 4.15 15.84 
1.280 0.01 0.00 145.7 5.35 19.99 
1.536 0.02 0.01 174.8 7.26 25.34 
1.842 0.03 0.03 209.7 10.04 32.60 
2.210 0.04 0.06 251.6 13.27 42.64 
2.652 0.06 0.10 301.8 14.84 55.91 
3.181 0.08 0.16 362.1 12.69 70.75 
3.817 0.10 0.25 434.4 8.37 83.44 
4.579 0.11 0.35 521.2 4.85 91.81 
5.494 0.13 0.46 625.3 2.54 96.66 
6.591 0.14 0.59 750.2 0.58 99.21 
7.907 0.16 0.73 900.0 *** 100.00 
9.487 0.17 0.89 **** *** **** 
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Appendix H. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at pH10, 
210 Minutes. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.061 % w/w based on the aqueous phase. 
After 0.052 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 60% 
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Figure H 10 - Particle size distribution for experiment at pH 10,210 Minutes. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 145.6 268.2 396.7 527.3 663.7 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 95% Confidence Limits 
Mean 402.8 µm Standard Deviation 
Median 396.7 µm Variance 
Mean/Median Ratio 1.015 Skewedness 
Mode 454.6 µm Kurtosis 
28.5-777 tm 
191 µm 
3.65x104 µm2 
0.22 Right Skewed 
-0.396 Platykuric 
H-20 
Appendix H. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.07 0.36 
0.120 0.00 0.00 13.65 0.07' 0.43 
0.144 0.00 0.00 16.38 0.08 0.51 
0.173 0.00 0.00 19.65 0.10 0.59 
0.207 0.00 0.00 23.58 0.14 0.69 
0.249 0.00 0.00 28.29 0.18 0.83 
0.298 0.00 0.00 33.94 0.24 1.01 
0.358 0.00 0.00 40.72 0.38 1.25 
0.429 0.00 0.00 48.85 0.63 1.64 
0.515 0.00 0.00 59.61 0.85 2.27 
0.618 0.00 0.00 70.32 1.25 3.12 
0.741 0.00 0.00 84.36 1.67 4.37 
0.889 0.00 0.00 101.2 1.83 6.04 
1.067 0.01 0.00 121.4 2.13 7.88 
1.280 0.01 0.01 145.7 2.71 10.01 
1.536 0.01 0.02 174.8 3.85 12.72 
1.842 0.02 0.03 209.7 5.78 16.56 
2.210 0.02 0.05 251.6 8.40 22.34 
2.652 0.02 0.07 301.8 11.88 30.74 
3.181 0.03 0.09 362.1 15.41 42.62 
3.817 0.03 0.1 434.4 16.11 58.02 
4.579 0.03 0.15 521.2 12.90 74.13 
5.494 0.04 0.18 625.3 8.17 87.03 
6.591 0.04 0.22 750.2 2.74 95.19 
7.907 0.05 0.26 900.0 *** 100.00 
9.487 0.06 0.31 **** *** **** 
H-21 
Appendix I. 
Cumulative Drop Size Distributions. 
I-1 
Appendix I. Cumulative Drop Size Distribution 
Cumulative Drop Size Distributions. 
Effects of pH on Drop Diameter. 
100 
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--- 5 ml 1M HCI. -a- 2.5 ml 1M HCI. 
-e- 2.5 ml 1M NaOH. 
Figure I1 - Cumulative drop size distribution showing the effects of pH on drop size. 
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Appendix J. 
Particle Size Distributions. 
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Appendix T. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment with 
5ml of 1M HCl Added. 
Stirrer Speed 350 RPM 
Stabiliser in recipe. 
Temperature 55 °C Pressure 10 Bar 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.048 % w/w based on the aqueous phase. 
After 0.008 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 20% 
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Particle Diameter (um) 
Figure J1 - Particle size distribution for experiment with 5m1 of 1M HC1 Added. 
Statistical Data. 
. 
%< 10 25 50 75 90 
Size (µm) 43.73 58.90 88.75 167.4 456.0 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 166.1 µm 
Median 88.75 µm 
Mean/Median Ratio 1.871 
Mode 73.59 µm. 
6 
5 
4 
3 
2 
D 
0.1 0.2 0.4 1 2 4 6 10 20 40 60 10 0 2 00 400 100 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-529 µm 
185 µm 
3.44x104 µm2 
2.1 Right Skewed 
3.65 Leptokuric 
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Appendix T. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.00 0.00 25.83 2.52 0.24 
0.741 0.00 0.00 33.94 8.01 2.75 
0.974 0.00 0.00 44.6 13.95 10.77 
1.280 0.00 0.00 58.61 16.83 24.72 
1.682 0.00 0.00 77.02 15.76 41.54 
2.210 0.00 0.00 101.2 11.58 57.30 
2.95 0.00 0.00 133.0 7.06 68.88 
3.817 0.00 0.00 174.8 4.38 75.94 
5.016 0.00 0.00 229.7 3.68 80.33 
6.591 0.00 0.00 301.8 3.89 84.01 
8.661 0.00 0.00 396.6 4.15 87.90 
11.38 0.00 0.00 521.2 4.14 92.05 
14.96 0.00 0.00 684.9 2.63 96.19 
19.65 0.24 0.00 900.0 *** 100.00 
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Appendix T. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment with 
2.5m1 of iM HCl Added. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.048 % w/w based on the aqueous phase. 
After 0.006 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 20% 
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Figure J2 - Particle size distribution for experiment with 2.5m1 of 1M HCl Added. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 47.43 66.03 95.83 152.9 351.6 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 150.6 µm 
Median 95.83 µm 
Mean/Median Ratio 1.572 
Mode 88.29 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
J-4 
0-455 µm 
155pm 
2.41x104 µm2 
2.49 Right Skewed 
6.2 Leptokuric 
Appendix T. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.00 0.00 25.83 1.70 1.62 
0.741 0.01 0.01 33.94 4.86 3.32 
0.974 0.02 0.02 44.6 10.30 8.18 
1.280 0.03 0.04 58.61 16.40 18.84 
1.682 0.05 0.07 77.02 18.90 34.88 
2.210 0.06 0.12 101.2 15.66 53.79 
2.95 0.08 0.18 133.0 9.69 69.45 
3.817 0.10 0.26 174.8 5.27 79.15 
5.016 0.11 0.36 229.7 3.65 84.42 
6.591 0.13 0.47 301.8 3.48 88.07 
8.661 0.16 0.60 396.6 3.33 91.55 
11.38 0.18 0.76 521.2 2.88 94.88 
14.96 0.20 0.94 684.9 1.59 97.76 
19.65 0.48 1.14 900.0 *** 100.00 
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Appendix T. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment with 
2.5ml of 1M NaOH Added. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 
Stabiliser in recipe. 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.048 % w/w based on the aqueous phase. 
After 0.023 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 12% 
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Figure J3 - Particle size distribution for experiment with 2.5m1 of 1M NaOH Added. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 311.3 425.4 537.7 664.0 778.6 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
534.4 µm 
537.7 µm 
0.994 
545.5 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
174-895 gm 
184 µm 
3.39x104 µm2 
-0.417 Left Skewed 
0.133 Leptokuric 
J-6 
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Appendix T. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.00 0.00 25.83 0.24 0.53 
0.741 0.00 0.00 33.94 0.36 0.78 
0.974 0.00 0.00 44.6 0.52 1.14 
1.280 0.01 0.00 58.61 0.78 1.66 
1.682 0.01 0.01 77.02 8.89 2.44 
2.210 0.01 0.02 101.2 0.48 3.32 
2.95 0.02 0.03 133.0 0.68 3.80 
3.817 0.02 0.04 174.8 1.75 4.48 
5.016 0.03 0.07 229.7 3.09 6.23 
6.591 0.03 0.09 301.8 10.34 9.32 
8.661 0.05 0.13 396.6 26.60 19.66 
11.38 0.08 0.18 521.2 32.23 46.26 
14.96 0.11 0.26 684.9 15.87 78.49 
19.65 0.16 0.37 900.0 *** 100.00 
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Appendix K. 
Particle Size Distributions. 
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Appendix K. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at 
High Phase Ratio - 20 %. 
Stirrer Speed 350 RPM 
Stabiliser in recipe. 
Temperature 55 °C Pressure 10 Bar 
Primary 0.03 % w/w KH17 based on the aqueous phase (based on 1 litre). 
Secondary 0.03 % w/w S404W based on the aqueous phase (based on 1 litre). 
Stabiliser actually analysed before and after the reaction. 
Before 0.07 % w/w based on the aqueous phase. 
After 0.0047 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 13% 
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Figure K1 - Particle size distribution for experiment at High Phase Ratio - 20%. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 40.43 58.9 90.46 153.6 267.3 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 95% Confidence Limits 
Mean 129.6 µm Standard Deviation 
Median 90.46 µm Variance 
Mean/Median Ratio 1.433 Skewedness 
Mode 73.59 µm Kurtosis 
0-366 pm 
121 µm 
1.45x104 p. m2 
2.62 Right Skewed 
8.71 Leptokuric 
K-2 
Appendix K. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(m). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.100 0.00 0.00 11.38 0.44 1.92 
0.120 0.00 0.00 13.65 0.50 2.36 
0.144 0.00 0.00 16.38 0.54 2.87 
0.173 0.00 0.01 19.65 0.62 3.41 
0.207 0.01 0.01 23.58 0.92 4.04 
0.249 0.01 0.02 28.29 1.76 4.96 
0.298 0.01 0.02 33.94 3.45 6.71 
0.358 0.01 0.03 40.72 5.95 10.16 
0.429 0.01 0.04 48.85 8.59 16.11 
0.515 0.02 0.06 59.61 10.39 24.70 
0.618 0.02 0.07 70.32 10.90 35.10 
0.741 0.03 0.09 84.36 10.32 45.99 
0.889 0.03 0.12 101.2 9.10 56.31 
1.067 0.04 0.15 121.4 7.68 65.41 
1.280 0.04 0.19 145.7 6.36 73.09 
1.536 0.05 0.23 174.8 5.20 79.46 
1.842 0.06 0.28 209.7 4.19 84.66 
2.210 0.07 0.35 251.6 3.30 88.85 
2.652 0.09 0.42 301.8 2.52 92.15 
3.181 0.10 0.51 362.1 1.87 94.66 
3.817 0.12 0.61 434.4 1.34 96.53 
4.579 0.15 0.74 521.2 0.96 97.88 
5.494 0.17 0.88 625.3 0.70 98.84 
6.591 0.22 1.06 750.2 0.26 99.53 
7.907 0.28 1.28 900.0 *** 100.00 
9.487 0.36 1.56 **** *** **** 
K3 
Appendix K. Particle Size Distributions. 
PVC PARTICLE SIZE DISTRIBUTION - Experiment at 
High Phase Ratio - 40A %. 
Stirrer Speed 350 RPM Temperature 55 °C Pressure 10 Bar 
Stabiliser in recipe. 
Primary 0.06 % w/w KH17 based on the aqueous phase (based on 1 litre). 
Secondary 0.06 % w/w S404W based on the aqueous phase (based on 1 litre). 
Stabiliser actually analysed before and after the reaction. 
Before >0.1 % w/w based on the aqueous phase. 
After 0.005 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 24% 
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Figure K2 - Particle size distribution for experiment at High Phase Ratio - 40A%. 
Statistical Data. 
%< 10 25 50 75 90 
Size (µm) 45.83 63.86 109.1 231.3 386.2 
L 
1 
Calculations from 0.429 µm to 900.0 µm. 
Volume 100.0 % 
Mean 171.6 µm 
Median 109.1 µm 
Mean/Median Ratio 1.573 
Mode 67.19 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-476 µm 
155 µm 
2.41x104 µm2 
1.79 Right Skewed 
3.32 Leptokuric 
K-4 
Appendix K. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.00 0.00 25.83 1.88 1.18 
0.741 0.00 0.00 33.94 6.00 3.06 
0.974 0.00 0.00 44.6 11.55 9.05 
1.280 0.01 0.00 58.61 14.17 20.60 
1.682 0.02 0.01 77.02 12.40 34.77 
2.210 0.03 0.03 101.2 9.69 47.17 
2.95 0.05 0.06 133.0 8.79 56.86 
3.817 0.08 0.11 174.8 9.13 65.65 
5.016 0.10 0.19 229.7 8.78 74.78 
6.591 0.13 0.29 301.8 7.09 83.55 
8.661 0.15 0.41 396.6 4.84 90.64 
11.38 0.14 0.57 521.2 2.95 95.48 
14.96 0.12 0.71 684.9 1.18 98.43 
19.65 0.35 0.83 900.0 *** 100.00 
K-5 
Appendix L. 
Particle Size Distributions. 
L-1 
Appendix L. Particle Size Distributions 
PVC PARTICLE SIZE DISTRIBUTION - Experiment with direct 
addition of the PVA. 
Stirrer Speed 350 RPM 
Stabiliser in recipe. 
Temperature 55 °C Pressure 10 Bar 
Primary 0.03 % w/w KH17 based on the aqueous phase. 
Secondary 0.03 % w/w S404W based on the aqueous phase. 
Stabiliser actually analysed before and after the reaction. 
Before 0.038 % w/w based on the aqueous phase. 
After, 0.023 % w/w based on the aqueous phase. 
Minimum conversion of monomer to polymer 11% 
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Figure Li - Particle size distribution for experiment with direct addition of the PVA. 
Statistical Data. 
. 
%< 10 25 50 75 90 
Size (µm) 29.14 41.51 69.47 156.8 410.6 
Calculations from 0.429 µm to 900.0 µm. 
Volume 
Mean 
Median 
Mean/Median Ratio 
Mode 
100.0% 
146.5 µm 
69.47 µm 
2.108 
42.62 µm 
95% Confidence Limits 
Standard Deviation 
Variance 
Skewedness 
Kurtosis 
0-507 gm 
184 µm 
3.39x104 µm2 
2.23 Right Skewed 
4.41 Leptokuric 
L-2 
Particle Diameter (um) 
Appendix L. Particle Size Distributions. 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
Diameter 
(µm). 
Differential 
Volume (%). 
Cumulative 
Volume (%). 
0.546 0.09 0.31 25.83 8.12 7.17 
0.741 0.11 0.40 33.94 13.57 15.29 
0.974 0.11 0.50 44.6 13.88 28.86 
1.280 0.12 0.62 58.61 11.23 42.74 
1.682 0.14 0.74 77.02 9.09 53.97 
2.210 0.17 0.88 101.2 7.82 63.05 
2.905 0.22 1.05 133.0 6.62 70.88 
3.817 0.28 1.27 174.8 5.15 77.50 
5.016 0.35 1.55 229.7 3.82 82.65 
6.591 0.44 1.90 301.8 3.15 86.47 
8.661 0.53 2.34 396.6 3.17 89.62 
11.38 0.56 2.87 521.2 3.52 92.79 
14.96 0.89 3.43 684.9 2.50 96.31 
19.65 2.85 4.32 900.0 *** 100.00 
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